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PREFACE

This report was prepared by the General Electric Company, Space Systems
Division, Philadelphia, Pennsylvania, under Defense Nuclear Agency Contract
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Farmer. The program manager at General Electric was Joseph Peden and
the principal investigator was Dante Tasca.
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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement

MULTIPLY —» By —& TOGET

TOGET ¢ BY DIVIDE
angstrom 1.000 000 X E -10 meters (m)
atmosphere (normal) 1.01325 XE +2 kilo pascal (kPa)
bar 1.000 000 XE +2 Kkilo pascal (kPa)
bamn 1.000 000 X E -28 meter? (m%)
British thermal unit (thermochemical) 1.054 350 X E +3 joule ()
calorie (thermochemical) 4.184 000 Joute (3

cal (t.lmrmot:hemical)/(:m2

curie

degree (angle)}

degree Fahrenheit

electron volt

erg

erg/second

foot

foot-pound -force

gallon (U.S. liquid)

inch

jerk

joule /kilogram (J g) (radiation dose
absorbed)

kilotons

kip (1000 Ibf)
kip/inch? (ksi)
ktap

micron

mil

mile (international)

ounce

pound -force (1bs avoirdupois)
pound-force inch

pound -force /inch
pc.mml-lorce/'lool2
m»md-lon:e/\m:h2 (psi)
pound-mass (Ibm avoirdupois)
pound-mass -foot” (moment of inertia)

pound -mass /loola

rad (radiation dose absorbed)
roentgen

shake
slug
torr (mm Mg, 0°*C)

4.184000 X E -2
3.700 000 X E +1
1.745329 X E -2
= (t°1+ 459.67)/1. 8
1.60219 XE -19
1.000 000 X E -7
1.000 000 X E -7
3.048 000 X E -1
1.355 818
3.785412 XE -3
2.540 000 X E -2
1.000 000 X E 49

1. 000 000

4.183

4.448 222X E 43
6.894 757 X E +3

1.000 000 X E +2
1 000000 X E -6
2.540000 XE -5
1.609 344 X E +3
2.834 952 X E -2
4.448 222

1.129 848 X E -1
1.751 268 X E +2
4.788 026 X E -2
6. 894 757

4.535924 XE -1

4.214011 X E -2

1.601 846 X E +1
1.000000 X E -2

2.579 760 X E <4
1.000000 X E -8
1.459390 X E +1
1.33322 XE -1

mega ;onlo/mz (MJ/mz)

sgiga becqueret (GBq)
radian (rad)
degree kelvin (K)
joule (J)
joule (J)
watt (W)
meter (m)
Joule ()
mr’ (m’)
meter (m)
joule (J)

Gray (Gy)
terajoules
pewton (N)
kilo pascal (kPa)

2
m-sicmd/m
(N-s/m¢®)

meter (m)

meter (m)

meter (m)

kitogram (ig)

newton (N)

newton-meter (N-m)

newton/meter (N/m)

kilo pascal (kPa)

kilo pascal (kPa)

kilogram (kg)

kilo'nm-mebrz
g -m?2)

kilogram /lllehl's
(kg /m3)

*«Gray (GY)
coulomb /kilogram
€/ mg)
second (s)
kilogram (ig)
kilo pascal (kPa)

*The becquerel (Bq) is the S! unit of radioactivity; 1 Bq = 1 event/s.
**The Gray (Gy) is the Sl unit of absorbed radiation.
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SECTION 1

o INTRODUCTION

i

! RN
B This document is Part II of the Final Technical Report for Phase !?tfi:
o I of DNA Contract DNAQQ1-82-C-0241, "High Energy Surge Arrester Technol- tiz :
; ogy Development.” The overall objective of the program was the develop- :$" '
ﬁ ment of improved high energy surge arresters (HESA's) to protect instal- o

m lations from EMP induced on extended networks. The EMP threat was defined ’;

3 in terms of a composite threat envelope which embodied the high frequency ;:

2 aspects of high altitude EMP (HEMP), the high current level of source fﬁ

» region EMP (SREMP) and the high charge level of nuclear induced lightning e

i

(NIL). The installations of concern included power lines, C3 lines and

td

A

v

antennas.

XS

», v

SRy

The program was divided into two separate phases. Phase I was
concerned with HESA development and fabrication of two proof-of-principle

\

] GO

S: prototype units for each of two separate applications. Phase II will

s address the detailed performance evaluation of the prototypes. Part

;‘ I of Phase I was associated with the development of a HESA for a power

- distribution system and is documented in a companion volume. Part II

e of Phase I, which is the subject of this volume, is associated with the

. development of a HESA for an RF/C3 transmitter antenna.

v :

1 The HESA developments were implemented using a low-risk approach -

: in that they did not require any new device/technology breakthroughs to ;f%:;t
. be created, but rather represented reasonable extensions of presently &;&;&E
‘s available technology. The key feature of the HESA design concept was i;&é?ﬁ

to develop a two element hybrid protective device which had the dual B

) capability to provide high voltage/fast rise time and long pulse/high §2,: E
E’ current threat protection. The first element was implemented usihg Gen- I;: 7js
“y eral Electric (GE) developed metal oxide power varistor product line tech- 3;‘{$:
‘: nology. At the present time GE is a world-wide supplier of zinc oxide ig;'}
3 S
0 HRSRRY
) 1 .

3 )

3 S
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to OEM suppliers of surge arresters as well as the leading manufacturer
of zinc oxide surge arresters. The second element provides the high energy
relief for the first element, and was implemented using a saturable magnetic
device concept for the RF/C3 HESA.

The overall design which was developed here represents an all solid

o state, self recovering HESA and is described in detail in the following

i

;I.:' sections.
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SECTION 2

o

HESA PROTECTION REQUIREMENTS AND DESIGN APPROACH

i
I
2 The ‘"proof-of-principle" prototype HESA was developed for use in
" the generic RF/C3 application as described below (Reference 2.1):
‘ . 50 ohm RF transmitter
° 2 kW peak power (1 kW RMS)
% ) 2-30 MHz operating frequency, with a 100 MHz upper limit goal
A
Q) The imposed threat, as obtained from generic system analyses (Reference
\ 2.2), which was used in the HESA design was as follows:
. 600 KV open circuit voltage
. o 10 KA short circuit current
; o 30 ns rise time
) ] 2 ms pulse width
. 5 pulses, 1 second apart
The corresponding HESA protection requirements (Reference 2.1) for this
§ application/threat model were defined as follows:
. ) clamp line to < 900 Volts
X L) self recover
A . insertion loss < 2 db
y Spark gaps have been the traditional approach used to protect high O
) power RF transmitters against pulsed power threats. Spark gaps, on one ix::jx
2 hand, are attractive since they have a very low insertion loss and clamp ;;?tjs
at a very low level when turned on. They do, however, have a dV/dt depen- SO
dency as well as total charge capability limitations. There are also
: some concerns with respect to self-recovery when placed across very high
3 power transmitter outputs. The initial design concept for the HESA was
. to provide an approach to augment a spark gap whereby the dV/dt and total
charge limitations would be negated as well as any self recovery consid-
, erations.
3
& 3
g
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One such design concept which had been previously conceived at General
Electric, and which utilizes solid state components, would be as shown
in Figure 1. Here a metal oxide varistor (MOV) device is used to provide
instantaneous voltage clamping capability at a moderate voltage Tlevel
with a minimal dV/dt response. The spark gap triggers at some time later
at this moderate voltage level, but in a time well in advance of when
the MOV energy limit is reached. Once the spark gap triggers, the voltage
drops to below the MOV conduction point and the MOV turns off. Even as
the spark gap is conducting the "voltage-time" product across a saturable
magnetic device is building up. Once the "Vt" product reaches the
saturation level of the magnetic device and at a time well in advance
of the spark gap reaching its total charge limitation, the material is
switched from a "high u" condition to a "u = 1" condition, with a
corresponding decrease in impedance. Current is eventually all trans-
ferred to the saturated inductor at a low voltage corresponding to the
"IR" drop across the inductor wiring. At this point the spark gap turns
off and the assembly will continue to clamp at a very low voltage value
until the threat is removed. At this point, the magnetic device is taken
out of saturation and reset to its initial state providing a material
with low residual magnetism is used.

It became obvious in considering this design approach that one
desirable simplification would be to eliminate the spark gap and utilize
the "Vt" switching of the inductive element to "off-load" the MOV well
before its energy 1limit was reached. The qualitative switching charac-
teristics of this all solid state design concept are shown in Figure 2.
The MOV 1is again used to provide instantaneous clamping of the imposed
threat. At time "ti" when the "Vt" product for saturation is reached,
the inductor is switched from a high impedance to a low impedance. Current
now begins to be transferred from the MOV to the saturated inductor.
The transfer time "t - t1" is controlled by the "L/R" time constant of
the saturated inductor and the effective MOV resistance. Since the MOV
clamps at a somewhat constant value its effective instantaneous resistance
increases as the current through it decreases. Hence the L/R time constant

is non-linear and of such a nature as speed up the current transfer time.
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"Metal oxide varistor - saturable magnetics" solid state HESA switching characteristics.
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At time "t»" when all high current is removed from the MOV, its voltage
drop falls below its clamping voltage value and continues to fall as current
is continually decreased below milliampere/cm? current densities until
the level corresponding to the "IR" drop across the inductor wiring is
reached.

The all state concept, using metal oxide varistor and saturable mag-
netics, was the design approach selected for the HESA prototype development
in the program. The analytical design equations and experimental material
characteristics which were developed for each of the two major elements
in the HESA are described in detail in the following sections together
with the specific design details of the two prototype units which were
fabricated.
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SECTION 3

METAL OXIDE VARISTOR ELEMENT

The General Electric metal oxide varistor (GE-MOV®) is a ceramic
material which offers a unique property of highly non-linear resistance
(varistor) and large energy absorbing capability. The varistor, when
connected in an electrical circuit, exhibits, over a wide current range,
a power law relationship between the current (I) flowing through the ma-
terial and the voltage (V) across the terminals. This relationship is
in the form: "I = (v/C)N"  where C and N are constants, reflecting
composition and geometry parameters, and are primarily a bulk property
of the material. The exponent N will typically have values from 25 to
50 or more, leading to a characteristic very similar to that of a Zener
diode. Older varistor materials by comparison have exponents on the order
of 5. Over a wide current range, the voltage remains within a very narrow
band for a specific device, and is referred to as the "varistor voltage"
for that device. The value of this varistor (or clamping) voltage for
a particular device is linearly dependent upon the thickness of the
conduction path through the device; the thicker the material, the higher
the varistor voltage. The material is bipolar in that the nonlinear
resistance characteristic holds for both positive and negative polarity
current. Also, the bulk properties of the material provide an inherent
high energy absorbing capability, because energy dissipation is evenly
distributed throughout the bulk.

The varistor possesses very fast current switching characteristics,
being able to switch high current, subnanosecond rise time transients
without any measurable time delay. Further, its electrical characteristics
are a function of material properties and geometrical shape. As noted
previously, the clamping voltage is a direct linear function of thickness
of the material between the conduction electrodes. Because of this
geometrical dependence, the application of this material as a transient
protection device is quite flexible in achieving optimum configurations.

..........
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The material can be readily pressed, sliced, machined, etc., into a variety o
LY
of shapes; such as cylinders, disks, doughnuts, squares, and so forth, ;,.

A;—'dr'
S p
st

and still maintain desirable electrical characteristics.

The varistor characteristics presented below consist of a detailed
description of the analytical and singular experiemental data obtained R{iﬂ,
under this program together with a brief summary of the detailed measure- p._ ..

2  ZA-ZeT% i
% o) ‘-:' [ .
. - .
s gt
"':.:':93 ($2 0822
- - ‘. r&‘

.-_. ments previously obtained under government contract together with the .':;.&-,::&
_;-. results of internal General Electric Company measurements. The information Ej:,sj
Q is presented in terms of geometry independent material parameters rather ::::-'..-r
! than absolute values related to specific geometrical configurations. ». -
- In this way, one can perform a parametric analysis to select the optimum :.-C:j-\.-‘f-};
':?; geometrical configuration to satisfy a specific application from the ;3'.‘,'\-}‘:';
E definition of such items as the quiescent bias, clamping voltage, pulse :::::’;:Z;’
! energy threat and insertion loss requirements. For brevity, the data é;;
~ summary is presented in terms of the characteristics associated with the l'_-';?_;-;._-_-_.,,
E‘l‘: standard medium voltage type material fabricated by the General Electric ?:j;i‘,,’.‘*'
D Company, Semiconductor Products Department, since it was the only material :Ef:‘;}:
type considered in the present study. I,“':”"'
: n AR
. LSS
;-;I 3.1 AC EQUIVALENT CIRCUIT. %::f::,‘
% ey
h A suitable equivalent circuit which describes the electrical operation ".M" ,
x of the varistor material for AC conditions is shown in Figure 3. The ?E:"":E:
;‘: circuit consists of the parallel combination of a capacitance (due to ;t:;:;.';‘_‘.:
Ej the very thin dielectric of the intergranular phase), a high resistance 4"?,:.:;"
E’ leakage resistor (attributable to the high resistivity of the bismuth
N oxide in the intergranular phase), and a nonlinear conduction element-var- -"::
E: istor element- (associated with the intergranular phase) in series with ;::E:;;L:E:‘-
;E a low resistance resistor (due to the low resistivity of the zinc oxide :.\:I'f,
) grains). Any application of wire leads, etc., to the material would,
? of course, result in the addition of a series inductance to the equivalent '{*
ES circuit in a manner similar to that associated with other electronic E:Q:*
N Y
i‘ devices. :a\
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The bulk conduction properties of the varistor material are manifested

in the V-1 relationship for the varistor element as shown in Figure 3.
As indicated, the voltage drop across the element is linearly related
to the thickness, "T", of varistor material between conducting electrodes
and the current density (current "I" and cross-sectional area "A") through
the material. The coefficient of non-linearity, "N", typically has values
on the order of 25 to 50. The parallel resistance and capacitance are
frequency dependent and is further discussed in Section 3.3. The series
resistivity is relatively small ’being between 0.1 and 1 ohm-cm, dependent
on material type) and, for the frequencies of concern in the present study,
independent of frequency.

3.2 VOLTAGE-CURRENT CHARACTERISTICS.

The idealized voltage-current characteristics of a typical medium
voltage varistor material is shown in Figure 4 (Reference 3.1). The
varistor characteristics are given for a range of over eleven orders of
magnitude in operating current density. Shown here is the relationship
of the voltage drop per millimeter of material thickness to the amperes
per square centimeter current density operating level for the varistor
material. DC measurements are normally used to obtain the varistor char-
acteristics for current densities less than 10 milliamperes/cm?. Higher
current density characteristics are obtained from pulse measurements.

Below about 10-8 amperes/cm?, the conduction characteristics are
controlled by the leakage characteristics of the high resistivity bismuth
oxide insulator. Above 10-8 amperes/cm?, the conduction characteristics
are controlled by the high non-linearity of the intergranular phase.
In the region beyond 103 amperes/cm?, the departure from high non-linear
conduction is due to the voltage drop across the low resistivity zinc
oxide grains.
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Two different types of medium voltage varistor materials were evaluated fﬁ’ifp
in the present program for use in the HESA prototype. These consisted " !
of 140 and 210 volt/mm materials which are contained in specific units u-::.é)_.-:.-
N such as the X531 and X532 GE-MOV® devices respectively. Figure 5 shows E_E:EQE
S the pulse response voltage clamping characteristics which were obtained ﬁ:i‘f_E
- for the X531 device when subjected to kiloampere level currents of less Yalhdy
! than 10 nanoseconds rise time. Figure 6 shows the similar characteris- 1::'.‘:"':;'-.-
3 tics obtained for the X532 device. The V-1 characteristics which are RN
. derived from this type of data are shown in Figure 7 for the X531 device. '.“_._2-2'-:
: Here, one can determine that the X531 device exhibits a coefficient of AR
i non-Tinearity "N" in the high current region of about 20 and a series ?5_-}
G resistivity of 0.36 ohm-cm. ::::.‘}:_';;'.;:'
- o
s 3.3 DIELECTRIC CHARACTERISTICS. )

In the unenergized state the metal oxide varistor is essentially
a ceramic material which is primarily capacitive due to the dielectric
nature of the intergranular phase. Levinson and Philipp (Reference 3.2)
performed a detailed evaluation of the dielectric behavior of the metal
oxide varistor over a frequency range from 10 Hz to 1GHz. Their results,
which are given in Figure 8 for the Type DD medium voltage material, show
that the dielectric constant and parallel resistivity are both frequency
dependent. At 100 MHz this varistor material has a dielectric constant
of 875 and a Q of 50. The Q is somewhat constant with frequency, exhibiting
a minimum of 10 at 250 KHz.

It should be noted that, in evaluating the dielectric constant of
a material, a common procedure is to perform impedance or reflection
coefficient measurements on standard geometrical shapes such as parallel
plate or coaxial configurations. These measurements are then related
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conducting zinc oxide grains of approximately 10 microns diameter, whereas
typical sizes of the intergranualar phase in medium voltage material is
estimated at 1000 Angstroms thickness, resulting in an actual value for
the dielectric constant of the intergranular phase at about two orders
of magnitude less than that shown (Reference 3.3). However, the effective
dielectric characteristics such as that given in Figure 8 are those values
which, when used with the total material geometry, yield the appropriate
value for the material capacitance and loss.

Figure 9 shows the dielectric characteristics of two types of GE-MOV®
varistor devices evaluated in the present program - the X531 and X532
devices. The data shown is given in terms of the specific reactance of
each device versus frequency "f". Here, for a device of area "A", thickness
“T" and capacitive reactance X., the specific reactance is given as

XcA 1 (3.1)
C
T 2meqg ep f

The data indicates effective values of e€p in the range of 1 to 10
MHz of 454 for the X531 device and 233 for the X532 device.

3.4 RF LOSS CHARACTERISTICS.

The RF loss characteristics of the GE-MOV® varistor are those losses
associated with the device when operated at voltages below the high current
conduction region (i.e. standby). These losses arise from three sources:
the reactive and resistive losses of the dielectric of the intergranular
phase and the resistive loss of the zinc oxide grains. The losses are
manifested as insertion losses between a circuit's source and load, and
self heating in the varistor material itself.

In the simplest case, neglecting fringing effects, the metal oxide
varistor can be considered as a parallel plate capacitor, whose capacitance
is proportional to the area-to-thickness ratio and whose loss is propor-
tional to its thickness-to-area ratio. As such, the capacitance and
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resistive loss can be defined in terms of geometry independent quantities,
and the 1loss characteristics for a particular impedance system can be
determined. Considering the total equivalent circuit of Figure 3, a
simplified equivalent circuit for the RF losses at voltages below high
current conduction would be that as shown in Figure 10.

The maximum insertion loss results from applying the varistor material
directly across a circuit at a single node without any frequency compen-
sation. Referring to Figure 10, previous studies (Reference 3.2) have
shown that

Xe << Rp (3.2)

Hence, varistor insertion loss in a circuit is controlled by reactive
losses at low frequencies and grain resistance at the higher frequencies.
The losses at these higher frequencies, however, are greatly in excess
of those considered acceptable for practical applications (i.e., 1 - 10
db). As such, restricting the analyses to practical applications, we
can consider that

Xc > Rs (3.3)

In this case, the equivalent circuit for insertion loss in a Z, impedance
system is as shown in Figure 11.

Here, insertion loss in db is given by

1+ 2,2 C2 w? (3.4)
20 1ogyg

db

4
or, rearranging

wC = 2nfC = —L— = 2 10db/10_
1 (3.5)
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The self heating losses in the varistor material can be found by
similar considerations for

Rs (3.6)

IRg (3.7)

and the power dissipated in grains (Ps) and the oxide (Pp) is given
by

12 Rg (3.8)

y2 (3.9)
Rp

-
»

For the disc geometry is given in terms of the grain resistivity
n pgll by

3
3N
o\
<\
<,

PqT

R
s A

XYY,

Similarly, Rp is given in terms of the oxide resistivity "Py" by

NARE .
o

4 &

PoT (3.11)
Rp _
A

vy v "
A
S

Examining Figure 8 yields
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Equation (3.13) can be written as :".';2;:-?‘»
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and, considering equations 3.16 and 3.10, equation 3.8 can be written _&‘; N
* B 7S
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and, considering equations 3.11 and 3.12, allows equation 3.9 to be written :-\.i:::::-’
X RN
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Pp = (3.18) Lm
55 10117 RN
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5 Comparing the grain losses to the oxide losses yields -Z:.:'.:?‘_
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y Equation 3.20 indicates that for frequencies less than about 100 fakd
i MHz the varistor self heating losses are associated primarily with the !ET’
N oxide rather than the grains. As such, considering (3.9), (3.10), and \j-;f
E: (3..1) we can express the power per unit volume dissipated within a varistor j*j:ﬁ
Q device of volume "AT" as :_-._“;:_:'y
E , kai T
Py Peak Power Per Unit Volume = (3.21) o
N T2 A
Mo a *\"\
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’ RMS Power Per Unit Volume = (3.22) oty
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i For a surge arrester application where the varistor is placed across an oKy
) ‘\_w “-‘
N RF port of a Z, impedance system operating at an RMS power level of P, l:'_:,{‘_.('}_
; then (3.22) can be expressed as RN
4 "\‘f...'.i.‘
E LR
4 Po Zp f 3.23
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) maximum power level capability of the varistor device from thermal NN
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related to its maximum RF application capability. Here, for example, :::‘
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Since metal oxide varistors have not generally been used in RF
applications, the specific power-frequency limitations of the materials
were not available. In view of this, the present program was required
to perform extensive unique characterizations of the candidate devices
considered for use in the HESA prototype. These studies, though, were
limited to application oriented studies where specific GE MOV® devices
were placed across the output of a 50 ohm transmitter which was driving
a 50 ohm power load. At any one particular frequency, the RF transmitter
power level was slowly increased until device failure occurred. A new
device was then selected, the frequency changed and the procedure repeated
again. Experiments were performed on both X531 and X532 unencapsulated
devices operated in ambient conditions as well as under ice water immersion.

The essential result of these experiments are shown in Figures 12
and 13. The linear decrease in RF standby power capability with frequency
can readily be seen for both varistor devices. Heat sinking, via an ice
water bath, was only found to provide a factor of 3 increase in power
handling capability for the unencapsulated devices. At first glance the
X532 device (210 volts per mm) appears to be about a factor of 3 better
than the X531 device (140 volts per mm). However, since the X532 device
has a higher volts-per-thickness rating it would have to be 1.5 times
thinner than an X531 device to be used for the same voltage rating
application. Here, though, equation 3.23 indicates that the RF power
capability would then be decreased by a factor of 2.25 for this thinner
X532 device, thus only providing about a factor of 1.3 higher RF power
capability compared to the X531 device.

3.5 RF SELF HEATING LOSS REDUCTION METHODS.

The data presented in Figures 12 and 13 indicate that the varistor
can not be indiscriminately used in high power, high frequency applications
without regard for the RF self heating effects. Since the present appli-
cation called for devices on the order of the thickness size of the X531
and X532 to be used to protect Kilowatt transmitters operating up to 100
MHz, techniques had to be developed to reduce the varistor Tlosses. A
somewhat dingenious approach was developed to utilize the varistor for
these severe applications. This approach utilizes a configuration of
back-to-back strings of a diode in series with the varistor, as shown
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schematically in Figure 14 and equivalently in Figure 15. Referring to
Figure 15, the concept is based on using the diode to incrementally charge
up the varistor capacitance on each half cycle and shut off on the opposite
half cycle, thus preventing varistor discharge. The current through the
varistor progressively decreases with time until steady state is reached,
at which time the current through the varistor is a constant, low level
"trickle charge" determined by the diode capacitance. The critical diode
parameters required for this application are as follows:

1)

2)

3)

4)

5)

Xp >> XM and Xp >> Ry: This insures that the steady state varistor
current will be much less than that when the varistor is connected
directly across the RF source. Note that this also allows the use
of an extremely large area varistor since now varistor current is
not controlled by varistor geometry.

VR > 2 Vp: At steady state the reverse voltage applied across
the junction during the opposite half cycle is the voltage across
the charged varistor capacitance "Vp" plus the peak 1line voltage,
also of value "Vp".

VF << VM: The whole advantage of the varistor is that, unlike many
diodes, it can sink large transient currents while clamping at Tlarge
voltages. For the transient energy dissipated in the diode to be
small, then the diode voltage drop should be much smaller than the
varistor voltage drop at the same common current level. Obviously,
the diode must be capable of passing the forward pulse current for
the time duration required.

tg < Tp/2: This insures that the diode will shut off during the
opposite half cycle and prevent significant discharging of the varistor
capacitance.

Vm > Vp: This is required to prevent the fully charged varistor
capacitance from turning on the varistor in a '"quasi-steady state"
mode.
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6) (VM + Vg) at High I < (VR + VM) at Low I: Since diodes are much
more sensitive to pulse burnout in the reverse direction than in
the forward direction, this requirement insures that the non-conducting
string will not be turned on in the "reverse" direction due to high
pulse currents in the conducting string, thus burning out the diode
in the non-conducting string.

The above requirements represent a non-trivial set of diode parameter
requirements to be met by a real device. Since the objective of the present
program was to demonstrate proof-of-concept the optimization of diode
selection, as well as varistor selection, was beyond the scope of the
program. However, an extensive evaluation of commercially available diodes
revealed that Unitrode makes a series of high efficiency, high current
diodes which were a more than adequate, cost effective demonstration
approach for the present program objectives. The only drawback was that
the devices have a 30 ns reverse recovery time which would affect their
utility, to some degree, for 100 MHz applications. Here, the most desirable
device from this series would be the 1IN5816. This device, however, is
only available in standard form in a stud mounted package. Since this
configuration would be unacceptable from a package inductance standpoint,
and since procuring the device in chip form and repackaging in a custom
carrier was well beyond program scope, the next highest rated series device
in axial lead configuration, the 1IN5811, was chosen for use.

The 1N5811 device has a peak inverse voltage of 150 volts and has
a forward pulse current rating of 5000 amps at 100 ns with a pulse width
dependency of t-1/3, Qur experiments showed that these devices have a
reverse polarity burnout level of about 200 amps at 300 ns and can safely
pass 2270 amps at 300 ns in the forward direction. The forward V-I charac-
teristics of the device which were obtained through these tests are shown
in Figure 16. Notice that the diodes exhibited a voltage drop of less
than 12 volts at a forward current of 2250 amps. The data in Figure 17
shows the relatively low capacitance of the diodes over the frequency
range of interest. Finally, the proof of approach is demonstrated by
the data shown in Table 1. Here varijous series/parallel combinations
of 1IN5811 diodes and GE-MOV® varistors were placed across the same high
power, RF transmitter configuration used to obtain the data of Figures
12 and 13 in order to determine the increased capability of our design
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approach at ambient conditions. A minimum of 4 diodes in series were
needed to meet the VR > 2 Vp requirement. Note that now at 30 MHz greater
than 1KW applications are possible, where before only 30 watts was
achievable for the X531 device. The effects of the 30 ns reverse recovery
time on limiting transmitter power applications at 100 MHz can also be
readily seen from the data.

Table 1. Maximum RF standby power capability of Unitrode
IN5811 diodes combined with GE-MOV® varistors.

IN5811 UNITRODE SAFE CW LEVEL
GE-MOVR # IN #IN FREQ RMS ProaD
TYPE SERIES PARALLEL (MHz) POWER LEVEL
X531 4 1 4.5 >1 KW
10 >1 KW
30 >1 KW
100 >625 W
4 2 4.5 >1 KW
10 >1 KW
30 >1 KW
100* >625 W £<1 KW
6 1 30 >1 KW
100* <1 KW
X532 4 2 100* >600 § <1 KW

*DIODE SOLDER CONNECTION AT MID STRING MELTS
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3.6 HIGH ENERGY ABSORPTION CAPABILITY.

A critical parameter of a protection device is its ability to absorb,
or bypass, the unwanted transient energy without suffering significant
degradation or damage. The bulk properties of the material provide an
inherent high energy absorbing capability, because energy dissipation
is evenly distributed throughout the bulk. Also, the GE-MOV® varistor
does not exhibit a catastrophic failure threshold as does, say a semi-
conductor device due to junction burnout. Instead, the varistor will
experience a gradual degradation in its 1low current conduction
characteristics for increasing levels of input energy pulses whose deposited
energy is sufficient to cause a significant temperature rise in the varistor

material.

Published varistor specifications include the "pulse ratings," a
family of curves that define, for each varistor type, the number of isolated
pulses that a varistor can absorb until its "rating" is reached. The
curves show lines relating amplitude, duration, and total number of pulses.
Figure 18 shows the family of curves applicable for a typical medium voltage
GE-MOV® varistor material (Reference 3.4). It should be noted that the
pulse rating does not mean catastrophic failure of the varistor at the
end of this rating, but only a 10% change in the varistor nominal voltage.
Although some change is indicated, the varistor is quite capable of staying
on line voltage and of clamping surges.

A careful examination of the pulse rating curves will show that the
duration of the pulses has a strong influence on the number of permiss-
ible pulses. Furthermore, the relationship between the increased duration
of the pulses and the decreased number of permissible pulses is not
proportional. For instance, consider pulses of about 30 ampere/cm2 and
100 usec duration. The curves show about 3000 pulses allowed. Now increase
the duration of the pulses to 1000 usec (a ten-fold increase), while keeping
the amplitude the same: The curves show the permissible number as one
pulse only. Thus, the ten-fold increase in duration does not result in
a ten-fold decrease in the number of permissible pulses; the reduction
in that number is much greater than the inverse of the increase in duration.
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o SECTION 4

A SATURABLE MAGNETICS ELEMENT

N

Q 4.1 AC EQUIVALENT CIRCUIT.

b}

N

i A simplified equivalent circuit which qualitatively describes the

generic AC operation of a saturable magnetic device is shown in Figure

L3
lf 19. The circuit consists of the parallel combination of an inductor
and a resistor. Below saturation the inductance is controlled by a fre-~

quency dependent premeability "u unsaturated." Once saturation is reached
the permeability "u saturated" becomes unity. The electrical excitation

B required to cause saturation is quantified in terms of a volt-second pro-
) duct "(Vt)gat" which is dependent on the number of turns "“N", the material
e cross sectional area "A." and the saturation flux density "Bgzt" of the
. material. The wire resistance of the inductor has been neglected for
$ the present discussion. The resistance shown, which is representative
g of material losses, is dependent on frequency "f", operating flux density

"Bg," and material volume. The characteristics of each of these elements

A

is discussed in detail in the following subsections. These discussions
are also augmented by extensive experimental data which was obtained under
this program on a variety of ferrite core materials which were supplied

-
pd Qe AP 4 o8 S

_ -

to us through the courtesy of Magnetics Incorporated (MI) and Ceramic
Magnetics Incorporated (CMI). The various ferrite toroidal geometrical
configurations which were examined here are listed in Table 2.

r 9

.

4.2 SWITCHING CHARACTERISTICS.

Consider "N" turns on a toroidal core of magnetic material which
is shown in Figure 20. The operating flux density "B," and unsaturated
inductance "L," is given by Kraus (Reference 4.1) in MKS units as

10% o ug NI Rt
B - (4.1) s

] C ' \_‘I/\\' !

b
-
~




R (f, Bo' VOLUME)

——AMM——

|

v o vn—mnmed

u UNSATURATED (f)
p SATURATED = 1

SATURATION VOLT - SECONDS « N, BSAT’ AC

Figure 19. Simplified AC equivalent circuit
of a saturable magnetic device.

Table 2. Ferrite toroidal cores evaluated for basic
device response characterizations.

s A

MATERIAL
TYPE
F

".’.'- A

A
Ay

F

]

F
CMD5005
CN20
MN60
MN8O
CMD5005
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b r, = OUTER RADIUS, (METERS) R
‘ r. = INNER RADIUS, (METERS) ;}3: .-
S r, = AVERAGE RADIUS = (r_ + r)/2 (METERS) b 4
‘ VOL = VOLUME = 7 h (r'oz— riz), METERS) E:?'“
L SA = SURFACE AREA = 27rh +27r h + 27(r,2 - r.9), (METERS?) 2]
v A, = CORE AREA = (r, - r) h, (METERS) VR
. 1. = AVERAGE CORE PATH LENGTH = 27 r,, (METERS) B
W B, = OPERATING FLUX DENSITY, (GAUSS) et
3 By = SATURATION FLUX DENSITY, (GAUSS) R
3 hg = 47 X 1077, HENRIES/METER -_-:i.‘t‘.
- k; = FUNCTION OF FREQUENCY L
28 N = NUMBER OF TURNS ;‘;«;t;._.
S V = OPERATING VOLTAGE, (VOLTS) "m:»':'-’\é‘
S f = OPERATING FREQUENCY, (HERTZ) oA
", I = OPERATING CURRENT, (PEAK AMPERES) :f:-"
P t, = TIME TO SATURATE, (SECONDS) RN
: L, = UNSATURATED INDUCTANCE, (HENRIES) E‘.
0 Lg = SATURATED INDUCTANCE, (HENRIES) e
V,ug = AVERAGE VOLTAGE OF WAVESHAPE, (VOLTS) T
1 Py = CORE LOSS PER UNIT VOLUME (WATTS) i
: L. = MINIMUM INDUCTANCE TO MEET INSERTION LOSS SPEC ;;;i,g;‘
~ b A
Figure 20. Toroidal core of magnetic material. \,
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and

ho MR N* Ac (4.2)

Te

Ly =

Considering (4.2), then (4.1) can be rearranged and rewritten as
IL, = 1074 N A¢ B, (4.3)

Consider now the case of a constant voltage "V" being switched across
a fixed inductor "L". The current "I" as a function of time "t" is found
from

dl

R R
it (4.4)

Since "V" is a constant value

vVt = IL (4.5)
and (4.3) can be written as

vt = 104 N A B, (4.6)

Equation 4.6 shows that as time increases the operating flux density in
the core increases, and core saturation is reached when "By" reaches a
value "Bgat." Hence, the volt-second value required to produce saturation
is given by

(Vt)sat = 1074 N Ac Bgat (4.7)

Equation 4.7 is the basic device equation which determines at which
point the magnetic material will change state. However, in order for
a magnetic material to be useful as a practical device for surge arrester
applications it must exhibit a number of required switching features.
First, it must be capable of changing states extremely fast and such
characteristics must be repeatable (the 1later implies a low residual
magnetism). Secondly, device recovery must be equally as fast in order
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to negate a

latchup condition

caused by circuit operating voltages.
Finally, the device must be capable of passing high charge levels without
causing permanent changes in the basic material properties. These switching
features were evaluated for low residual magnetism ferrites supplied by

MI and high residual magnetism ferrites supplied by CMI.

Figure 21 shows the switching characteristics observed when using

6 turns on an MI 1low residual magnetism F43813 toroid. The threshold

onset of saturation and device switching can be seen (i.e., V = 2 KV)
as well as the "(Vt)gat = constant" characteristics as device voltage
is increased. Multiple shots were taken at each device voltage Tlevel

to demonstrate repeatability which, in turn, demonstrates low residual

magnetism. The extremely fast switching characteristics of the device
are readily observed here. Figure 22 demonstrates the fast saturation
a 50 ohm

subsequently discharged across a

recovery characteristics observed in the same toroid. Here,

transmission line was charged up and
10 ohm resistor to produce a high power, bi-polar square wave drive across

the device. The turns were reduced to 4 in order to keep the required

pulser charge voltage to produce saturation to within the voltage }:afiza
P
capabilities of the pulser. In all cases device saturation (increased ;:i:’\é
. KAL)
current and decreased voltage), subsequent rapid recovery (decreased current i ?;
and increased voltage) and then resaturation in the opposite polarity .
produced by the bi-polar pulse are observed. AN,
YT
- :." 0
The switching characteristics of the saturable magnetic device are y’:ﬁ}}}
also dependent on circuit parameters as well as magnetic material R
CAGAC)
properties. Here, once the device is switched into saturation the NN
. . . . . RS GY
subsequent increase of current through the device with time is controlled }{Qjﬁ:
by the "Lg/R" time constant of the "saturated inductor - circuit resistor" ggjﬁ'
a4
network. These characteristics can be seen from the data shown in Figure aF
23. Here, the toroid shown in Figure 21 was driven into saturation at X A
wi% Lt
. . . . . . ' o
a fixed "Vt" level and the circuit resistance "R" varied. The increased ::;:f‘
2
time to reach the final voltage and current values as "R" decreases can :{: 2
. GGy
readily be observed. Rl
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Device switching characteristics - 6 turns on a
Magnetics Incorporated F43813 toroid.
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Figure 23. Device saturation charge characteristics - 6 turns
on a Magnetics Incorporated F43813 toroid.
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? The final concern is that associated with the effects on device "’-:?J&;

characteristics of high "It" levels through the saturated inductor. &
;: Figure 24 shows the data obtained on the 6 turn F43813 toroid using high :’:-_:E
“It" drives through the saturated device. Although the saturation charge :::::1.
b was limited to 0.07 coulombs, repeated exposures produced no detectable ::E::\:'

changes in device characteristics.

2

aratod
s The same F43813 toroid was subsequently cut to form twc half toroids E:;Egj
. and then reassembled in toroid form with a 10 mil RTV gap. The device g: :i:;
] characterization was then repeated. Aside from the Tlower unsaturated ..;_"
- inductance caused by the Tower "effective u" of the gapped toroid the fvr_~h \
- device response, as shown in Figures 25 through 28, was characteristically E?"':-:‘T{:;YE
;f the same, thus demonstrating the fact that gaps do not alter the switching \_i‘-j: 3
* capability of the magnetic devices. > g
: )
_ Another in_teresting variation, that of coaxial arrangements, was ",:.':.:::.‘,
. investigated using MI Tow residual magnetism F42206 cores. Here a solid :j-'l-:,‘-:‘_;:';
- rod was inserted through 10 toroids and evaluated for switching charac- ?::4:;:_%.’
teristics (note that this configuration is in reality one turn on 10 tor- :,.:-j.?,'::‘
- oids and corresponds to 10 turns on 1 toroid for switching considerations). :E;:.;;-ﬁ:
:.' Figure 29 shows that, as expected, the coaxial arrangement also provides :i.\-:;':
a useful switching device. e
‘ .w"\“;s
" The switching characteristics associated with high residual magnetism Fj:’}.f_:
3 materials was investigated using CMI's CMD 5005 ad CN20 toroids. The ::-:»:.{'\:
data shown in Figures 30 and 31 illustrate these characteristics. 1In "..i..‘f:"i
' both cases the pulser voltage was incrementally increased in value ur*“il '.'%\.':\’
s, the devices were just taken slightly into saturation (first photo). After "Q:;'Cﬁ
N this, the pulser was then kept at the same value for three shots. The ‘ @"
decrease in "Vt" product to cause saturation due to the residual -"—} :
magnetization produced in the toroids after the first pulse (i.e, [Bsat
Residual Magnitization] < [Bsat - 0]) can be seen. The pulser polarity .~
) was then reversed while still keeping the same level. The first opposite
! polarity pulse demagnetizes the toroids and the characteristics revert
back to that observed on virgin units. Subsequent pulsing, however,

reestablishes a residual magnetism and the whole process starts over again.
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on a Magnetics Incorporated F43813 toroid.

Figure 24.
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Magnetics Incorporated F43813 toroid with a 10 mil gap.
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However, in spite of the high residual magnetism, the devices still exhibit ggfi;i
fast saturation recovery characteristics as shown by the data given in g}_?'
Figures 32 and 33. EE:
It has been long known that inserting a gap in a magnetic material \J 'ﬁ
inhibits a residual magnetism from being set up in the magnetic circuit. :: &‘;’:
The effects on switching characteristics for gaps in the high residual ! ash
magnetism materials were demonstrated to be of no concern via experiments f‘““

‘ using CMI 5005/84-17-3 toroids fabricated with the same 10 mil gap design E\'j':"
E§ previously used for the MI F43813 toroids. The data obtained on this igg;é
t device is shown in Figure 34. Here, multiple shots at increasing values EE;J,
N of pulser voltage were taken on the device starting with saturation thres- Lo
hold onset, and then the device was taken back to saturation threshold ...:-_,'_ N
g; onset. In all cases the gap proved effective in eliminating the residual E:i:i;!
Fé magnetism effects on "(Vt)gat." The final area of concern is the ;Eﬁ:ji;
o applicability of equation 4.7 in describing the sub-microsecond switching fﬁﬁﬁ$v
E characteristics of the magnetic device. Figure 35 shows the comparison gﬁ?;ﬁ;
:3 of the experimental and calculated values for "Vt"ga¢ for sub-microsecond E;;izi
‘3 pulse conditions on the gapped CMD 5005/84-17-3 toroid. As seen, excellent ?EEf,:

agreement between the model and the experimental data was obtained.

e
‘ lé 'I".l

R
4.3 PERMEABILITY CHARACTERISTICS. '5-';::: N
o,
§Eﬁ:§w
The permeability of a magnetic material is a frequency dependent "C: $
quantity which has the simplified asymptotic form of > YN
:\*’t X
vy
e
u - _m (4.8) ;::':f;
1+ nf —
.";‘. ,\:
, SN
where "m" and "n" are constants and "f" is the frequency. The asymptotic .j:.:,;_:.
AN

form describes a characteristic which is relatively constant with frequency D e
until the "break frequency" is reached, at which point the quantity
decreases with increasing frequency. In general, for magnetic materials
the higher the low frequency value of "u," the lower the "break frequency"
at which point "u" decreases.
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Device saturation recovery characteristics - 6 turns on a

Ceramic Magnetics Incorporated CMD5005 toroid.
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The introduction of gaps in magnetic materials decreases the initial
value of "u" and increases the "break frequency." This can be understood
by examining Figure 36. From (4.2) we can write

H2
he Ly e (4.9)
1 1,
and
Lequivalent =  “equivalent (4.10)
Ttotal
since
Ly L
Lequivalent = 12 (4.11)
L1 + L2
we can write
Hequivalent = Ttotal 1 w2 \\\ (4.12)

u112+u211/

Since"uy = 1" for the gap and if 13 << 12, then 1¢pta1 ~12 and

12 w2
Hequivalent = (4.13)

T2 +u2 11

u2 (4.14)

1
1+pyp —

12
"l
L
~

Figure 36. Equivalent circuit of a magnetic toroid containing  gap.
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| now if while 17 << 12, u2 11 > 12, then b
» .
’ 12 ..
Mequivalent .. (4.15) .. i::

]1 p .,;}4

which is independent of frequency as long as u2 11 > 12

o

A number of gapped toroids of CMI's CMD 5005 material were fabricated !

with controlled gaps using bond paper saturated with Eastman 910 adhesive. . -f:-;
LYy

The toroids were special request perfect halves pre-cut and supplied through Atk

the courtesy of CMI. Gaps of 6, 20 and 30 mil total length were fabricated
along with a so called "minimal gap" which was formed by joining the toroids
together with just a thin coating of Eastman 910. Inductors with 3 turns
were then formed and device impedances measured as a function of frequency
using a Hewlett-Packard Vector Impedance Meter. Equation (4.2) was used

to calculate the relative permeability of the gapped cores from the ,;:_§"
impedance-frequency data. The experimentally based results are shown ; -'('::J_.‘,
in Figure 37. A comparison of the data at 1 MHz to that calculated ! _w'
using equation (4.14) and the manufacturers value of 1200 for the solid ?\”_”
f®,
material at 1 MHz yields the following good agreement: %‘: '“:E'
AN
e
GAP MR EXPERIMENTAL ur CALCULATED A
6 mil 300 487 PR
‘J.--f\)..1\
20 mil 170 204 {_;;:-.,: 00
"(' »7
30 mil 132 144 2T .:«I'
;$ 7
!’:_\“~.{‘-
:‘:\ (':*.;
4.4 RF LOSS CHARACTERISTICS. ,»:3\;.*,-‘:-
{.'f\-‘\-‘\
AR
The RF 1loss characteristics of the magnetic device are manifested w.
as insertion losses between a circuit and load due to the device impedance, r{ z
L
and self heating losses in the magnetic material itself. .:%j-}.:’.:
RS EHCERN
Al
:::'\E.}'Eﬁ[
For insertion loss considerations in the simplest case, neglecting R gt
core losses and interwire capacitance, the magnetic device can be considered ::-‘3::::"1
as an ideal inductor. Here, maximum insertion loss results from applying ’;ﬁ;;.,
RN
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the magnetic device directly across a circuit at a single node without
any frequency compensation. In this case, the equivalent circuit for
insertion loss in a Z, impedance system is as shown in Figure 38. Here

insertion loss in db is given by

db = 20 Togjp 14 —— (4.16)

or, rearranging

1 1 1 2
— = S = - = ___ 10db/10 3 (4.17)
Q)LU 21Tf Lu XL Zo

The self heating losses in a magnetic material, in terms of the dissi-
pated power per unit volume of material, are given by an empirically simpli-
fied version of Legg's equation as

Pv = aBgb (4.18)

where: "a" and "b" are frequency dependent, such that Py increases
with frequency.

At any particular frequency the current through the unsaturated
inductor is related to the voltage across the device by

I = ! (4.19)

2 f Ly

Substituting (4.19) into (4.1) and then (4.2) into this result yields

4
B - 10 V (4.20)
. -

27f N Ac

~ l'u § z,

SOURCE " LoAD

Figure 38. Saturable magnetic device insertion loss equivalent circuit.
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Substituting (4.20) now into (4.18) yields

. b
Py = a 0 ; (4.21)

27 f N A¢

Recalling equation (4.18), the self heating Tlosses are such that
"Py" increases with frequency and with operating flux density. The ultimate
effect of these losses is as follows: as a minimum they could heat the
device beyond the Curie temperature (which is reversible upon cooling
for the ferrite materials) and drive the device into saturation; while
at worst case they could produce severe thermal stresses and fracture
the material.

Unfortunately very little data was available concerning the ultimate
power-frequency limitations of these types of materials at severe RF appli-
cations. In view of this, the present program was required to perform
an extensive characterization of the candidate magnetic materials considered
for use in the HESA prototype, similar to that required for the GE-MOV®
varistors. Again, these studies were 1limited to application oriented
studies where specific toroid inductor/material configurations were placed
across the output of a 50 ohm RF transmitter which was driving a 50 ohm
load. At any one particular frequency, RF transmitter power level was
slowly increased until the Curie temperature was reached and the device
was switched into saturation. At this point, the transmitter was turned
off, the device allowed to cool, the frequency changed and the procedure

repeated again. Experiments were performed at both ambient and ice water :f._f\_’v
: : s a4 : a e
immersion conditions. In the severest cases, the thermal stresses resulted -aj-."‘-:fa.j

v NS
in toroid fractures. }.'-.é-\"\.*

SHeA

Equation (4.21) indicates that for a fixed frequency and voltage
level, the core losses induced in the magnetic material will be inversely
proportional to “"(N)P". The MI type F ferrite, for example, has a value
of "b ~ 2" at high frequencies (1 MHz is the highest frequency for which
manufacturer's data is available). Hence, for these materials the core
losses should be inversely proportional to "N2" for a fixed voltage and
frequency. Now another way of looking at this is that at a fixed fre-
quency the voltage level that will be required to produce the same thermal
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~effects in the material should increase as the square of the turns.

However, in considering the RF transmitter applications test we can restate
the last premise for the MI type F material as "the RF transmitter power
level to produce the same thermal effects should increase linearly with
the toroid turns at a fixed frequency." A number of experiments were
performed using 3-to-40 turns in two different toroid geometries of the
MI type F material at 30 MHz to evaluate this premise. These results,
which are given in Figure 39, show that the RF transmitter power which
drives the toroids beyond the Curie point does indeed vary linearly with
toroid turns for this material type.

Additional MI data up to 1 MHz on the type F material indicates that
"a" in (4.21) varies as "f2". Since "b 2" then we would expect that
the maximum RF transmitter power level that these devices can withstand
should be somewhat independent of frequency and should increase with turns
and toroid cross sectional area. The data shown in Figures 40 through
44 bears this out. This data also shows the dramatic increase in RF
transmitter power capability achievable with an ice water immersion of
the toroids. An interesting approximate equivalency between 10 turns
on a single toroid and 1 turn on 10 toroids can be observed by comparing

the data given in Figures 41 and 45. More will be said about this aspect
in Section 4.6.

The data shown in Figures 46 through 51 for various turns and toroid
configurations for four different CMI material types demonstrate
qualitatively similar results as that obtained on the MI materials.

4.5 RF SELF HEATING LOSS AND THERMAL STRESS REDUCTION METHODS.

The material response data given in Figures 40 through 42 and 45
through 47 clearly shows the advantage of ambient temperature reductions
on the ultimate RF transmitter power capability of the magnetic devices.
Although approaches such as this which involve active cooling methods
were observed to be comparatively more effective when applied to the
magnetic devices as compared to the varistor devices, they still, however,
introduce an added complexity to the HESA which is generally undesirable.
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The approach taken for the present program was to control material self
heating by an increase in the device's "NA." product, as implied by (4.21),
with the full realization that a corresponding increase in "(Vt)gat" would
be incurred, as shown by (4.7).

A more serious concern was the minimization of the thermal stresses
produced in the toroid structures. Here, it was felt that splitting the
toroid structures into half toroid configurations and then reconfiguring
them back into toroids using a high temperature, resilient adhesive (i.e.,
dielectric gapped cores) could be an effective stress reduction design
approach. This idea was evaluated by using the same toroid which was
cleaved approximately in half during the tests shown in Figure 43. This
toroid was reconfigured using RTV, rewound with the same number of turns
(3) and retested. These results, which are given in Figure 52, show that
the dielectrically gapped unit did not re-incur a thermal fracture and
that the advantages of active cooling were still maintained. Figures
53 and 54 show the core loss characteristics obtained using an RTV gapped
CMI toroid with three and then eight turns.

4.6 OPTIMIZATION OF THE SATURABLE MAGNETIC DEVICE CONFIGURATION.

For a HESA application "Vtgat" is a fixed design point and we may
write

(Vt)sat = K1 (4.22)

For a given material type "Bgat" is also fixed and, hence, can be written
as

Bsat = K2 (4.23)

As such, (4.7) can be rewritten as

104 K
NAc = ————— = K3 (4.24)

K2

76




R
.v"': :'.',!';
. ‘1:';:.'
, 41} .'g:’l:
! O FREE AIR-NO EFFECT KR
! _ o Aalita
1 @ FREE AIR-CURIE POINT R
e 50 2 e ‘;‘n,"
s RF LOAD _D- A ICE WATER-NO EFFECT o ‘
b RN
‘ A ICE WATER-CURIE POINT .:."ﬂ!.s!g
Y _' '.n
A wln
o - AR
e %Y
E NS
. Al
&
3
§
i 10’F A 74\ A
.4 -
@ i
) a [ A
] t L
: s :
it - o) [
" a
' = o ® o]
N 9
X o)
. <
N S 102 »
, n o o S
E : a{W
) \_‘ }"\-'fi
-~ ,".r:‘.‘r:.r::
™ Ry
: RN
; 5 RNy
|‘ [~ 0" by " i
; IR
" N !’~“$\£~.
N h’:\ \..\
Ry u-F‘t
) . \ 'y
ShLL Y
] )
,{’ 10 L S N N 1 NI A NN ;
1 10 100 X,
f“ ™ 2'1'
4 FREQUENCY (MHz) > ,.Q!
; b
Figure 52. Core loss characteristics of the Figure 43 device after 0'%
reconfiguring back to toroid form with a 10 mil total RTV gap. Ay
RO RVETALY,
,'\._\-' \ ,{‘0.'
TERDS
RREE)
77 pladhe data
RN

- utm LT QLR P FEFL PO LI PP RGO IR g
AN AT R0 TR 21,070 W A0 AT 2 A AT NIRRT WD N )

A



O FREE AIR-NO EFFECT

@ FREE AIR-CURIE POINT )
e

' a0 %t
A ICE WATER-NO EFFECT e

A ICE WATER-CURIE POINT

v
-
-
<
g
-4
w
=
o
a
(a]
<
(]
-1
(2]
=
-4

N W S B W W S Lt
10 100
FREQUENCY (MHz)

Figure 53. Core loss characteristics - 3 turns on a Ceramic Magnetics
Incorporated CMD5005/84-17-3 toroid with a 10 mil RTV gap.




3 ﬁ‘l ,
i 'A’s,ﬂ.r‘;‘.‘

Yy

509
RF LOAD

RMS LOAD POWER (WATTS)

‘l# L

v 1T Ny,

PRI ST I T R I R W T LR LR LG A G L R R L) sl Sng

FREE AIR-NO EFFECT

(o)

@® FREE AIR-CURIE POINT
_[]— A ICE WATER-NO EFFECT

A

ICE WATER-CURIE POINT

10

T TVovirry

-T—

10

T T TT7

10

1 1 [ I O B W 1 1 LA 1 1111

Figure 54.

10 100
FREQUENCY (MHz)

Core loss characteristics - 8 turns on a Ceramic Magnetics
Incorporated CMD5005/84-17-3 toroid with a 10 mil RTV gap.

PSP 2500 a0t G a.o',.:..

A
:"' a0 Y
R,
» - - -

B St R v

"J:."

IYILIN

%}
- f X
za

“-:f}}”‘-‘-;-
’ LJ
SO
o

:

q,
.

& 2
b,
IS

S
>
S, |
Zeiid

-
-y
-
-

s

!

&

IR N SIS oy TS G g S AL L AN AR A A S D
p O e i ” . ) B R

Pl 3



NANNAN

AR <

Wy i
B LA S Ly LA LY ’;»4‘\«

R
.~ e
UG 0

ity
t

For a given RF transmitter power level and operating frequency
Fixed
Fixed

therefore (4.20) can be written as

104 Kg
By =

2n Kg K3

and, hence, (4.18) can be expressed as
Py = a (kg (4.27)

Therefore, for the saturable magnetic device the 1loss per unit volume
of magnetic material for the HESA application is indépendent of core
geometry and the number of turns. As such, the optimum design configuration
would be one in which the heat transfer to the surrounding medium is

(e

52 2 Z
-,’..

XSS 5 8 3]

maximized and one in which the thermal stresses are minimized in the
magnetic material.

Ky

For the HESA application minimal transfer time for current to be
transferred from the varistor device to the saturated inductor is obtained
by minimizing Lg. Since Lg is related to L, we can examine L, for guidance.
Recalling (4.2)

Ly o bR W* Ac (4.2)
Te

Since for the HESA application

NAc K3

(4.2) can then be written as

Ho ur K3 N

Ly

Te
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¥ Therefore minimum L, is obtained by minimizing N and maximizing 1¢, down N ﬁf“i
¥ to the limits, of course, of minimum L, for insertion loss considerations. 33&%:*
f¥ Hence, the indication is to go to a coaxial (i.e., single turn) config- S:{qtgl'
i uration. s

23 Consider now the coaxial configuration shown in Figure 55. The

;; unsaturated inductance for such a configuration is given by Kraus (Refer-

ence 4.1) as

!31‘n

h
Dy :" l"‘

1] uO uR b .'$ J
N L e s — (4.29)
\ 27 a
’y and the operating flux density at a radius "r" into the material for a
E:; current I through the center of the material is given in MKS units by
e 104 I
. o UR
g By = (4.30)
N 2w
=
“

183
2 For a thin walled coaxial core such that
b-a b-a
P, << 1 (4.31)
o - .

’, b a
. then
%

b+ a

: r _ . (4.32)

B 2
_J i
a b

Figure 55. Coaxial geometry of magnetic material.
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and (4.30) can be approximated by

104 (b + a) By (4.33)

Ho MR

For a square wave voltage of amplitude "V" and pulse width "t" which is
much greater than the transit time through the coaxial assembly, (4.5)
holds and, considering (4.29) and (4.33), we can write

b
(vt) ~ 10-4 1-—%-51 S By In (b/a) (4.34)

and magnetic material saturation is reached when

(b +a
(vt)sat ~ 10-4 _Z—l S Bsat n (b/a)

Recalling that

Fals

§
b
3
)
)
¥
N

X -1
InX ~ 2 ( )
X+ 1,

for X =1+ A
and A~ 0

3y

- -
-

then, for the thin walled coaxial core

b-a
In (b/a) ~ 2 ( b+ a )

Hence, (4.3.4) can be expressed as

-4 (p + -
(Vt)sat _ 10 - (b a) 2 (b a) S Bsat

2 (b + a)

10-4 (b - a) S Bgat
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Note that (4.29) can be rewritten, considering (4.37), as

L . omw g -a) (4.40)
™ (b + a)

Now let us examine the relationship of core Tosses for Curie temper-
ature effects between an "N" turn toroid and a coaxial core. The
equivalence that we are seeking is based on dissipating, at CW conditions,

PO
the same power per unit volume "P," in the toroid as in the coaxial core 2 -
N A ACA
when the coaxial core is designed for a particular "(Vt)gat". First :-:ﬁ.:i::{
considering (4.32) we will rewrite (4.30) as R
108 1 AT
u el
Bo ~ Ho 'R (4.41) .
(b +a) R
RN
Now, at CW conditions (4.19) hold R
ow, a conditions (4. olds 5&;&\'-‘5
'Q‘ cLe=
v i
- (4.19) pe ‘\”
I - &2,-‘. 80
2x f L el

and, using (4.40) we can write

I ~< v> 7 (b+a) (4.42)
2nf Ho WR S (b - a)

Substituting (4.42) into (4.41) yields

104 v
Bcoax . (4.43)

2rf S (b - a)
A similar relationship can be developed for an "N" turn toroid using (4.19),
(4.1), and (4.2) such that

104 v
(4.48)

Btoroid = P
c
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Recalling that (4.18) indicated that "P," is only dependent on "B,," we
can then equate (4.43) to (4.44) to establish the same value of "P," in
both configurations. Doing this yields

NAc = S(b- a) (4.45)
From the toroid shown in Figure 20.
Ac = (ro - riy) h (4.46)

If the coaxial assembly is made up of a number of toroids stacked one
upon another (i.e., "ro = b" and "rj = a" and h < S), then

Ac = (b-a)h (4.47)
and
S
N = —— (4.48)
h

Equation (4.48) states that if "N" turns are wrapped around a toroid
of thickness "h" the power per unit volume dissipated in the magnetic
material will be the same as for "Nh" of those toroids configured in a
coaxial assembly. Note that the equivalence is based on a power per unit
volume basis. More total power is lost in the coaxial assembly than in
the toroid configuration. The coaxial assembly, however, provides the
configuration which provides the fastest time to transfer current from
the varistor assembly to the saturated magnetic assembly.

Equation (4.48) also provides a convenient way of evaluating the
CW temperature stability of any proposed coaxial configuration. Instead
of fabricating costly and involved CW fixtures and assemblies, one can
take a toroid version of the proposed geometry and experimentally perform
a parametric evaluation of stability versus number of turns to establish
the minimum stable coaxial assembly length for a given transmitter power
level and operating frequency.
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) Table 3 shows the results of one such thermal stability parametric
3 test performed on toroids in support of the prototype design activities
g: described in Section 5. The tests were designed to evaluate the thermal
v stability of various dielectric gap thicknesses in a particular CMI core
"y type as a function of toroid turns when the toroids were placed across
“ the output of an RF transmitter operating at 30 MHz and 1 Kilowatt RMS
';\ load power. The data shows the experimentally observed times to reach
X the Curie point for a number of turn/gap combinations. As seen, a mini-

mum of 20 turns for cores with 20 and 30 mil gaps was required before

-}: thermal stability was established at the 30 MHz/1 KW conditions.
33
45 The final consideration for the coaxial assembly is that associated

' with the frequency-length constraints in order for the assembly to be "
t‘ considered as a lumped element for HESA response purposes. At high fre- ’\i
E;_' quencies the coaxial assembly starts to behave as a short length of trans- ;‘j\j
missions line terminated in a short circuit. The input impedance "Zip" ";;;-'_f.:

o~

for a loss-less or low-loss transmissions line of length "S" terminated

-

bl
2% )

in a short circuit is given by (Reference 4.2)

PO

»
(4
P Zip = tan (B8S) (4.49)
5
X
:
N where -
b .'
b B = 2nf \| LC (4.50) $‘-?:'
> NN
I oy
_‘\ and L and C are the inductance per unit length and capacitance per unit (j-}‘&;j
> e
- length respectively of the transmission line. The quantity "B " is the f:f-f;‘uf}
> phase shift constant and can also be expressed in terms of "ug" and !Ff
U LN \. Al
3 "eR" in MKS units as :j--:._\'lj
Y oo
) LY
Y 27 f \l € NE A
' 5 = R <R (4.51) N
3 X 108 .
R N
"5 RXooex
“) For small values of "S" .-(-ﬁ'_:j
<J A f..$.-1
. Eﬁ,»,x
» tan S ~ S 4.52 )
N g ’ (4-52) R
< NN
b RN
> x
‘i
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3 Table 3. Thermal stability test results for Ceramic Magnetics Incorporated
dielectrically gapped CMD5005 toroids (a = 1.27 cm, b = 2.72 cm,

o S = 0.889 cm).
5 TIME TO REACH
A CORE CONFIGURATION CURIE POINT FOR
) SAMPLE GAP A CW P oap OF '
3 SIN (MILS) TURNS 1 KW RMS @ 30 MHz .
g 1 6 7 <1 MIN
N 10 >2 MIN
14 >5 MIN

. 20 >25 MIN
2 20 7 <1 MIN
» 14 8 MIN
. 20 OK @ 30 MIN
l.
1
: 20 20 OK @ 30 MIN
7 4 20 20 OK @ 30 MIN

5 30 14 11 MIN
D 20 OK @ 30 MIN
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and (4.49) can be written as

Zin ~ Jj2nf LS (4.53)
i Noting that
.

LS = Ly (4.54) -
: we can see that the input impedance of the coaxial assembly will be that N
; :"s"\"’&‘(
i corresponding to a lumped element for small values of "S". A maximum :j&;v.}',;
.x .‘i-\“j

error of 10% results when "8 S = 0.5 radians." As such, an acceptable ;:-'*i\,.:j

) LA/

criteria for the HESA would be to limit "B S" to

BS < 0.5 (4.55)

C
‘
L4

LA RS
. ;{ 4
u_j_}) PA
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which results in one such limit on "S" of

.0 g w

3 X 108
S METERS (4.56)
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However a less stringent limt on "S" would be based on restricting
’ operation to below the point at which the transmission line assembly trans-
} itions from an inductive to a capacitive load. This occurs at quarter

s

Py

FLEAs

ST

wave length, i.e.,

,'_
i'?
NV

l‘. "

5‘ )

(4.57)
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Here "S" is controlled by

! 3 X 108
S < (4.58)
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X ;ii.; W
5 R
; SECTION 5 ;?;fwzv
: ¥ E.':'a*
; PROTOTYPE DESIGN eI, “:
: #‘!‘1‘)!‘:
(] \l‘ i
: (o requi st
: The design requirements for the proof-of-concept prototype HESA were qbﬁhigh
; defined in Section 2 and are repeated below: AR
'. %!-:!}«135'!5'?
k Application E5§5f}i
A
“ . ISESSS
¥ 50 ohm RF Transmitter IO
i 2 kW peak power (1 kW RMS) S
. 2-30 MHz operating frequency, with a 100 MHz ’:‘: :
N upper limit goal §§¢ ‘:*é
! by .|‘
: Threat MG 3
j e 600 KV open circuit voltage 550N
: ) 10 KA short circuit current by ;5’
iee ¥

: ® 30 ns rise time f%{:&;,
¢ 2 ms pulse width . .
: NG
. . 5 pulses, 1 second apart Qe s
. :~%§\
g8 -\»
HESA Requirements N SN

, ) clamp line to < 900 volts
(] self recover
() insertion loss < 2 db

Since an optimization of the geometrical and material properties
! of the HESA elements were well beyond the scope of the present program,
: the baseline approach selected for the proof-of-principle prototype was
to use an upper limit frequency of 30 MHz for all design aspects where
a higher frequency would impact the HESA design achievable with the exis-
ting materials in hand.
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5.1 SATURABLE MAGNETICS DESIGN.

The design of the saturable magnetics element was based on stacking
“NT" gapped cores of thickness "h" into a coaxial configuration as shown
in Figure 56. The cores for the prototype HESA were perfect halves of
CMD5005 type material supplied through the courtesy of Ceramic Magnetics
Incorporated. The core dimensions were as follows:

a = 0.00635 meters
b = 0.0136 meters
h = 0.00889 meters

From Section 4 the 1imiting design equations in MKS units are

o (Vt)sat ~ 1074 (b - a) S Bgat (4.39)

1 ar f
o " Jrodb/10 (4.17)

<
Ly L,
b-a
[} LC S Lu |10 uR S \ (4'40)
L b +a
3 X 108
o S < (4.58)
4f JuR €Rr

o Core Loss < Py to reach Curie Temperature

DIELECTRIC
GAP
n [ 2] . - . N

'__’"_J""T——‘

M

I I U NN B

Figure 56. Coaxial configuration of the saturable magnetics element of
the prototype HESA.
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For the HESA application the magnetic element must be capable of
holding-off the maximum "Vt" product imposed by the RF transmitter with-
out switching into saturation. Maximum "Vt" product occurs at the lowest
frequency, i.e., 2 MHz. Recalling that the average voltage value "Vavg"
of a sine wave of peak value "Vp" is given by

2V
v P (5.1)
avg -

then we can write the "(Vt)" product for a half cycle of a 2 MHz sine
wave as

=

)

2 v, i
(V) = ——  (25X1077) Volt-sec (5.2)

For a 2 kW peak power in 50 ohms “Vp“ corresponds to

Vp = 316 volts (5.3)
therefore

(Vt) = 5.03 X 10-5 volt-Sec (5.4)

Using a design safety factor of "2", then the design point for
magnetics switching is

(Vt)sat > 10.06 X 10-5 Volt-Sec (5.5)
For the CMD5005 material
Bsat = 3.1 X 103 gauss (5.6)

Hence, equating (4.39) and (5.5) and solving for "S" using the core dimen-
sions and magnetic properties yields

S > 0.0448 meters (5.7)
90
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Laboratory tests described in Section 4 have established that 6 mil,
20 mil and 30 mil gapped cores, whose gaps are fabricated with bond paper
saturated with Eastman 910 adhesive, are sufficiently stress relieved
to withstand 2 kW peak transmitter power at 30 MHz. These tests (Table
3) have also indicated that the minimal number of turns (on a single toroid
of the type used in the prototype HESA) required for thermal stability
is 20 turns, but in only a 20 mil gapped core. Smaller and larger gaps
required more turns for thermal stability. As such, the 20 mil gapped
core was used for the prototype design. Equation (4.48) related the thermal
stability equivalence between a coaxial geometry and a multi-turn toroid.
For a 20 turn minimum the requirement for "S" is

Nh

>
> 0.178 meters (5.8)

The insertion loss caused by the shunt inductor of the HESA increases
with decreasing frequency. Hence, for the prototype application where
Lo is 50 ohms, the limiting value of L, for a 2 db insertion loss occurs
at 2 MHz and is found from 4.17 as

Ly > 2.6 X 1076 henries (5.9)
For the CMD5005 cores with a 20 mil gap, Figure 37 showed that
MR = 170 (5.10)

and, since o = 47 X 1077 henries/meter in MKS units, then one limit
on "S" is found from (4.40) as

S > 0.105 meters (5.11)

91

N T (. Ca
R

¢ - N AR

PRI . uw
Co ke
YRS S

-
.

-t !

L)
-

l’l
[}
P

S

e

‘
L]
’

b
y



-

-

&

>

L

-
o
2.2, 2.2
EoHL
P ) ‘|

A B
roaal b

The limiting value of "S" where the change from an inductive element
to a capacitive element transitions occurs at the highest frequency of
operation for the HESA. Since ep ~ 1 for the ferrite material, then
using a 30 MHz point, (4.58) yields

'i¢§5

o a

AN
>

“,
o
-

S < 0.192 meters (5.12)

(AN
N W

g ¥, s
(o}
v et

Therefore the allowable range of lengths for the coaxial assembly »:
is found from the set of ’,

S >  0.0448 meters for CW (Vt)sat N

! S > 0.178 meters for CW Thermal Stability ROGAN0,

|

I

: . ‘h}*

: S >  0.105 meters QRO
for Lc Requirements pr'. ;

wm
I

Hence »

0.178 meters

A
w
(AN

0.192 meters (5.13) RoSs
Now, since EANSS:!

h = 0.00889 meters

A
)
2

Then, the number of cores "N7" required for the coaxial assembly is

Y
s

20 < Ny < 22 (5.14)

77

Taking a desigri value of "Ny = 20" cores for the coaxial assembly
yields the following. From (4.39)

R L A T ]
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R
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g
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IR,

(Vt)sat = 400 X 10-6 volt-Sec (5.15)
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and from (4.40)

4.4 X 10-6 henries (5.16)

Lu
Lsat = 2.6 X 10~8 henries (5.17)

5.2 METAL OXIDE VARISTOR DESIGN.

A 2 kW peak power level for the 50 ohms transmitter corresponds to
a peak value of 316 volts. The X531 GE-MOV® Varistor has a 1 mAmp DC
varistor voltage of 350 volts. This yields an "off-to-on" safety factor
of 1.107 which is acceptable for the proof-of-principle design, but would
be increased for an operational HESA. The CW/RF tests described in Section
3 have shown that series/parallel strings of Unitrode IN5811 diodes can
be connected in series with the X531 device and placed across a 1 kW RMS
transmitter at 30 MHz in ambient and survive (Table 1). However, from
Section 3.5 it was shown that the total reverse breakdown voltage capability
of the diode string "Vip" must be greater than "2 Vp". Since the diode
string is made up of "Np" diodes in series, each with a minimum breakdown

voltage of "VR", we can write
NpVR > 2V (5.18)

If we select diodes based on a “Vp > 150 volt" criterion then, since "Vj
= 316 volts", we find the minimum value of Np as

Ng > 4.2 (5.19)

Hence, the diode string was selected to consist of five in series for
the prototype.

In Section 3.5 it was identified that an optimization of diode Junction
area and package configuration was beyond the scope of our program. It
was pointed out, though, that proof-of-concept could be more than adequately
demonstrated using 1IN5811 diodes in axial Tlead packages. However, in
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order to obtain a higher forward current rating for demonstration purposes, SgﬁzyﬂJ
individual diodes would be paralleled. Hence, in order to achieve CW %fﬂjm o
AN Pl

thermal stability the baseline design selected for the prototype was to
use a "5 series X 2 parallel” string of IN5811 diodes in axial lead packages
in series with an X531 varistor.

D,
?ﬁ:ig

3

The insertion 1loss caused by the shunt capacitance of the
diode/varistor combination increases with increasing frequency. Hence,
for the prototype application where Z, is 50 ohms, the limiting value
of capacitance "C." for a 2 db insertion loss occurs at 30 MHz and is
found from 3.5 as

Cc < 1.62 X 10-10 farads (5.20)

P
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o .'__.r.:.-

N
Figure 14 shows that the prototype HESA contains back-to-back diode/varistor tjij:{:i
strings. For a single string the equivalent capacitance circuit for the PR

LI
e

. E&,
Lﬁv’ "

diode/varistor configuration is shown in Figure 57. Total capacitance
"CT" consists of two of the Figure 57 strings in parallel and is given RGO
by

Y
i
o

-
s v e,
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~
B
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4 Cp Cm

ﬂk
1:3
S .‘n '.IT
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(5.21)

Ct =

',

2Cp+5Cy
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Since the diode capacitance "C¢" decreases with increasing reverse voltage

» ..I
R,

e

due to depletion width widening, maximum capacitance occurs at low voltages.
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For the IN5811 diode the experimental data given in Figure 17 indicates

Oy Lo
s
oo,

that the low voltage diode capacitance is

e
.

<

ey
v
‘I

0
»e
e’

i

Cp = 29 picofarads (5.22)

ety TR

——— PR
L e e i

—1

Figure 57. Equivalent capacitance circuit for each of the two
diode/varistor strings used in the prototype HESA.
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The GE-MOV® varistor exhibits a much smaller (~ 20%) but similar decrease
of device capacitance with applied voltage (Reference 5.1). The

experimental data shown in Figure 9 for the X531 device indicates a low
voltage capacitance of

Cm 660 pf (5.23)

Hence, the total capacitance of the diode/varistor assembly from (5.21)
is

CT 22.8 pf (5.24)

Note that CT 1is now controlled by the diode string capacitance.
The significance of this is that a much larger area varistor can be used
in an optimized design, resulting in lower clamping voltages. Since for
the prototype design

Cr <« Ce (5.25)
and since the diode string was implemented in axial lead rather than chip
form, it was qualitatively determined to counter this additional Tlead
inductance by introducing a shunt capacitor of value "Cg" such that

CS + CT = CC (5-26)

or
Cs < 139 pf (5.27)
For a 10 Kilo-ampere threat the forward current through each of the
parallel diodes is 5 Kilo-amperes. From Figure 16 the diode forward voltage

drop "Vpg" at this current is

VpF < 20 volts (5.28)
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and the total voltage drop “VTg" across the 5 diode string is

VTE < 100 volts (5.29)
From Figure 7 the varistor voltage "VM" at 10 Kilo-amperes is

VM ~ 1100 volts (5.30)

Hence, the total clamping voltage is given by

Vclamp ~ 1200 volts (5.31)

Note again that the use of the diode string allows a much larger varistor
area to be implemented in an optimized design, which would easily meet
the 900 volt maximum clamping voltage design level.

Another requirement from Section 3.5 1is that associated with the
high current, forward conducting string reaching a high enough voltage

to turn on the companion adjacent string in the reverse direction. The
criteria which was given can be stated here as

(VM + VTE) @ High I < (Vg + VM) @ Low I

substituting the appropriate values yields

(Vy + VTF) @ High I 1200 volts (5.32)

(VIR + VM) @ Low I

1100 volts (5.33)

which shows that the criteria is exceeded by 100 volts at the 10 KA level

when using the X531 device. Examining Figure 7 we see that the criteria

is met at threat currents of 5 KA or less when using the X531 device.
In an optimized design where the varistor area can be quite large, the
criteria can readily be met.
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The effective resistance "Rg" of the diode/varistor string is given

b by

9 1200 volts

n RE = — = 0.12 ohms (5.34)

;5 10,000 Amperes

°

‘:t The time required to transfer current from the diode/varistor string to

‘:;. the satruated magnetics element is related to the “L/R" time constant

lg. of the HESA. Since clamping voltage is somewhat independent of current

Ll level, as current is transferred from the diode/varistor string “Rg"

_ increases and the instantaneous time constant decreases. Hence, the worst

3 case time constant is

idl

3

n L

. o= 3 (5.35)

s R @ MAX CURRENT

4

3 From (5.17) and (5.34) we obtain

\ 2.6 X 10-8

Ky T = = 215 ns (5.36)
0.12

AT

From (5.15) the time to reach magnetics saturation for a 1200 Volt clamping

'{ level is

3

- s""-‘:':-.'-
. If we consider that the total transfer of current from the diode/varistor t::\:'.‘_::?.
o string to the saturated magnetics occurs in "3 7", then the diode/varistor ;'-::?.'::
{ -' \.

y string conducts high current for a time given by ;-._.l_-."_-
‘.‘ e :_"

! t = (tgat +37) = 978ns (5.38) NN
3 PRSI
‘l o\.‘i ‘.\.S
“l . . ”‘P:.".j‘ g
. Maximum diode forward current rating for safe operation at 1 us is 2000 'ﬁ!‘.::
Y amperes which gives a HESA rating for the parallel diode configuration ,.'f‘-.;‘.\';
‘ of 4000 amperes and from Figure 18 a GE-MOV® varistor rating of > 10,000 tz'\- \3'-:
?A amperes for the X531 device. ERAES
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5.3 PROTOTYPE CONFIGURATION.

Figure 58 shows the schematic diagram of the prototype HESA which
‘s was developed from the preceding design analyses. Figures 59 through
67 are photographs of the prototype fabrication HESA at various levels

ag; of assembly. Although high current, high RF power testing of the proto-
%{ type is to be covered under Phase II of the program, some low level
iy characterization testing was performed in order to establish confidence
-y in the prototype HESA hardware.
N
éi Table 4 shows the low level input impedance of the HESA at various
P, stages of assembly. "Configuration 1: saturable magnetics only with
. open circuit at output" shows that the ferrite cores are slightly lossy
(i.e., phase values other that %90°) which probably accounts for the
. observed phase change from inductive to capacitive occurring at 21 MHz
;? as compared to a calculated value of 32 MHz. ‘“Configuration 2" shows
the capacitive influence of the diode/varistor string while "Configuration
’ 3" shows the effects of the additional dinternal capacitors which were
added for design conservatism. "Configuration 4" shows the input impedance
) of the HESA when terminated in 50 ohms. Tables 5 and 6 show the effects
of the internal capacitors on the medium power VSWR characteristics of
2 the prototype HESA.
b { =
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Figure 58. Schematic diagram of the prototype HESA.

o

7

AT

g

98

(A4
RE2Ak
sl

S
AR
L

SN

YA
ATl O

4

Yt v WLt T TN N R e L R e T A NN
T Tt ‘u L4 w0l '). .. W .uvl o.u 0

’S
‘ll

~ : ,2 N A e A e T -r;' Jon




) .{." .";.ﬂ l*l

---,,,_,-A,,._
RO s gl Jy 28 T 2

.

VXX XXX

XA

i

Y Yr

s, B as ghl aR) JHpy v}

99

I G I L Iy . Q.
N N O T O N A

R N e ]
RIRRANA A

Py > P a4,

Total parts content of the prototype HESA.

Figure 59.

AR
-.'-‘:'"."4'.'.' o7

,:.'




. .

. N A VYR, NI ' e

“ -.-.» -.-..\-.%-\ X\n- V-q v v.-d.-vx.-( ; ! ..\-.-.\-. Q-.~.\ . . .‘. .. .'-\f\ \J\.t o e te
b .«.\xax SO WS RN R A XA AL U, DX
_ VLRI N RELRRORIA By L

L Y S MM ..-L.~<\\.~..-..r...c-u.- A’.......-....\.. SRR Y {ENTNY WA ] f}L---‘v.u.\ b‘\\-\
d

"A1quasse 40319eded/403SLARA/BPOLP 3Y3 JO JUBJUOD Sjded [e30y °0g aunbiy

. e g

91419313 £R 1VYHINII /




P AR LR A

SRR

v

RS
Ve e b

*Alquasseqns uojLoeded/a03stdea/apolq 19 34nbyig

:
: VS3H .
b
: :
R0

r . A

31419313 B 1VHINII i

S} S 1% € 2 ! 5

,;;:?:;:L:L:::Lc::_,::._;:FE.:::ELL_EL_:ELEF_:

wiet!d

-

B Badh e A"

o

ot

B b




'..‘o-. AT
Sl e P

. . " 0" Py -\ vy
o N ..-.- -u.--!h-v; J-J\f- - -f\f”- y
AN gl N LAY

-
nl
Sele e -\A'u_

WO

‘K
Lquasseqns sdijaubew a|qeanjes 3yl JO JuIuod sjded [e30] g9 3unbiy

102

” -
-3 B 9 S 4 Lo S AL I P




g h & et h
k:....\..\x\lv.........,......._ e

-flquassegns sotjaubew ajqeanjes °¢g auanbiyg

L

A

91419113 §3 1VHINID

,.
3 S ¢ 2 !

"
. | ) |

o . s i ¢ o . : . _ . ' , ; .

. Gt s :;:,:::__:rr_:_ i _::_._:..:_,EL, 3

(]

.

v,

\.

\.

-\.

\.

\-

4

1]

[

l.-anvn S e e e, O . L W ‘et 2 4B BRI I ..- [N . . e ‘e
YR ﬁ\\\..\‘..\\ *).fvv(.(-! - ..-. .-‘-..q..-- o0 -.\-\I\(-.. A ..o.-vnt. -\-.\.qq-...-.ﬂcn! -..- ) ff\- ..f\f(f-.-ﬂ.ff . KB




A Tt R : , ! .
. . ),
- : 1 .. \\\4?\\s
‘ <tale Y K . ..........»...\ u_.w

“f

R el A Rl " I

: ‘Alquasseqns Bursnoy ay3 30 Juajuod sijued |30 “p9 aunbLy

104

- - .. | ORI - . R 4 - 1 L
AL RN SRR RRAA L aNSe) TERCEREAA  ARANARR RAATRANT (  SRRRSRE XN Y PEXREAEIE JLALRIIEY YW L LY 54 i

1 0 " POy




NN D ESRERRS AR v LA IR AR A A
e wva g P s s Ty AARA
e B R TaArRad ¥
fo-*- ’h. r- r;(p\ L . ) _eTe e .W. ) A A .....»-..f. o-u. .-\.- .-. --.1.- \.-\---L u &, x
L e Y 4 — AN . PR I R LA PR

‘ALquasseqns bursnoy 69 aunbiry

91419313 §B 1VHINIY

v € 2
M

LAl s

105

- . . e e e AR A N TR EERR S Sy TR AT Y S SIEEENYNY Y V0 Y W Y. . % .t LY.L Al Y 2 P PR it Al A, CE AN e e A R SEENI 3 -‘..an



< - ) . y .
e i NN . ;
ff\ I\- 4 e gy - LA o
)J . > P8 R SO . -9 5
R s K (34 W, QLR N -... S 3 X
-\ g .‘.-\.\lﬂ. - -wcnoyﬁb,\\\l-

v ¢ . L] ot Ad
0t e e Sy, SRR NP R AR

o
Y
"

‘é

A M
AL S bl W

" I.L.
ARARAF ) CRXAAANIY ¥

2 T2l lalal g

*saL|quasseqns 4031oeded/u03SL4eA/3poLp pue soLjaubew 3a|qednies ‘buisnoy °99 24nb1 4 “..

21810313 £ TVHIN3D _ i

>
. ..
.. . . o

106

B e o o D b IIZIJIIWTT

||||||||||| . L S L At " . - . A e W A e A s e A= e - - - s o o~ == e ——— .



XXX, y NN
' ) -I \.t N \fs{ \J f .-\ .\l\” ..-J“.-.\n-- : DA I
f-v'o..?l % § -o\-v\.-?.ls .nf

L NNS‘ . e (Y
-f\”( -.o-”. AR AW -.-n-\‘-- ALY I S f I 4} R Y
-n.n.v-\l\l\nﬁa \\k—\\\b .JQ:-U -fIJ

"yS3IH 9dAr030ud pajquasse A193aidwo) °/9 s4nbiL4

107

R e N R e s el PR AR G AR



Table 4.

Low level input impedance characteristics of a prototype
HESA at various stages of assembly.

HESA CONFIGURATION

INPUT IMPEDANCE

!

b

i

)

[

[y

1Y

[

-

s FREQUENCY | MAGCNITUDE PHASE

b (MHz) (OHMS) (DEGREES)

! 1. SATURABLE MAGNETICS ONLY 1.0 409 +88

3 WITH OPEN CIRCUIT AT 3.0 115 +82

N OUTPUT 5.0 190 +78

N 10.0 400 +70

N 15.0 790 +52

i 20.0 1.25K +12
21.0 1.3K 0

3 25.0 1.05K -3y

~ 30.0 730 -54

N

X 2. SATURABLE MAGNETICS AND 1.0 409 +85

E DIODE/VARISTOR STRINGS 3.0 125 +80

- WITH OPEN CIRCUIT AT 5.0 230 +74

r OUTPUT 10.0 920 +23

" 10.8 1K 0

’ 15.0 490 -62

( 20.0 270 -74

’ 25.0 190 -78
30.0 145 -80

*,

3 3. COMPLETE HESA WITH 1.0 429 +88

. OPEN CIRCUIT AT OUTPUT 3.0 165 +77

R 5.0 640 +22

‘ 5.26 800 0

v 10.0 135 -80

- 15.0 73 -84

- 20.0 50 -85

"o 25.0 37 -85

’5 30.0 30 -85

e 4. COMPLETE HESA WITH 1.0 330 ‘47

N 500 AT OUTPUT 3.0 46 +16

Q 5.0 47 +4

~ 5.8 46 0

g- 10.0 uy -15

, 15.0 39 -28

. 20.0 33 -35

9 25.0 29 -42

o 30.0 24 -45

.
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Table 5. Medium power VSWR characteristics of a 509 terminated
prototype HESA with internal capacitors removed.

INCIDENT REFLECTED
FREQUENCY POWER POWER
(MHz) (WATTS) (WATTS) VSWR
2.0 100 6 1.65:1
3.0 100 3 1.42:1 oy
5.0 100 ~1.5 1.27:1 s 2O L
A
10.0 100 <1 1.22:1 LA
L CRRAY
15.0 100 1 1.22:1 A NPy
TR A AN
20.0 100 <1 1.22:1 RTINS
25.0 100 <1 1.22:1 NN
. -42: IS N
30.0 100 ~1.5 1.27:1 ° ‘
35.0 100 2 1.34:1 S S
A A
40.0 100 ~2.5 1.38:1 OO BSOS
. a_'z_'?‘.',
45,0 100 3.0 1.42:1 AN
50.0 100 4.0 1.50:1 rodmtotas
NSRS
55.0 100 4.5 1.53:1 [N ¥ RN
60.0 100 5.0 1.57:1 ~ B
LT NN
65.0 100 6.0 1.65:1 RSN
DASSEANGY
BARERERLS
SO
RN
R AT A
ARSI
RN
'."-."\"\E'Jr
Lo
o , RSO
Table 6. Low power VSWR characteristics of a 509 terminated ."'\"s"sf,-.
prototype HESA. -&'-',C'-;\ i)
e "1
.
D) _"' -’
e 'l\—‘
INCIDENT REFLECTED RN
FREQUENCY POWER POWER L eere
(MHz) (WATTS) (WATTS) VSWR AR
, X!
NN
R N Y
2.0 20 <0.5 <1.38:1 R
3.0 20 <0.5 <1.38:1 NN
IS ADNINS
5.0 20 <0.5 < 1.38:1 NN
GO
10.0 20 ~1 1.56:1 fareaia
15.0 20 2 2.17:1 :‘:a:. "':-
20.0 20 4 2.64:1 Ca N
25.0 20 6 3.35:1 =
30.0 20 7 3.87:1 ~ 1.$~. i
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SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

The present program has shown that improved high energy surge arres-
ters (HESA's) can be developed for practical RF/C3 applications. A unique
and innovative all solid state, self recovery HESA design concept was
developed using existing metal oxide varistor and saturable magnetic device
technologies. Detailed analytical design equations were derived and
extensive material characterizations were experimentally obtained in support
of this development. Much of this work involved the generation of singular
information which was required to support the solutions to a number of

IS'.

X

FA

.
A
e

.'

i
A
e

.'“.'"."’

5 A

1]

significant design problems encountered in meeting such a formidable design
challenge using realistic hardware. Two proof-of-principle prototype
units were designed and fabricated using the technology established in
the program.

v
'
‘I
[NEN
L }

i
’

ﬁﬁha‘

Based on the positive results obtained to date, and the interest
exhibited by the survivability technical community, it is recommended
that the Phase II portion of the program be initiated in order to establish
detailed performance evaluations of the prototypes. Based on a successful
conclusion of the Phase II work it would be further recommended that
additional work be undertaken to optimize the performance characteristics
achievable with the various elements comprising the HESA. It is envisioned
that the HESA technology developed here can be transferred to use in

operational systems once this is achieved. 2.7 A2
e
N
n';\ 1R Y
S ANRS Y
SRR
M)
-’:. N
'S
§.
A Pt
*,
110

v‘.‘ b'
"Cdﬁﬁfﬁfyfﬁgcﬁﬂ:vﬂﬁfgff'ﬁﬁﬁngv$&ﬂgﬁ



K
N
2.1
oy
& 2.2
e
bl 3.1
}Qf
r"\
)
_JI
ue 3.2
P
M 3.3
?J
<9
f,
-~ 3.4
) 4.1
3
| 4.2
)
\
‘\ 5.1
W)
,"

PR

“'\‘S‘L Y3008 *;f&"

o
A

SECTION 7

LIST OF REFERENCES

Private communications with G. Foster, et al, Hill Air Force Base,
Ogden, Utah.

Private communications with M. Bell and A. Peterson, JAYCOR.

Tasca, D.M. and Peden, J.C., "EMP Surge Suppression Connectors
Utilizing Metal Oxide Varistors," Final Technical Report, Contract
No. DAAG39-72-C-0179, General Electric Report 73SD4293, December
1973, U.S. Army Harry Diamond Laboratory Report No. HDL-TR-179-1,
August 1974.

Levinson, L.M. and Philip, H.R., "AC Properties of Metal Oxide
Varistors," General Electric Report 75CRD175, September 1975.

Levinson, L.M. and Philip, H.R., "Metal Oxide Varistor -- A Multi-
junction Thin-Film Device," General Electric Company Report 73CRD285,
October 1973.

Martzloff, F.D., "Varistor Versus Environment: Winning the Rematch,"
General Electric Report 85CRD037, May 1985.

Kraus, J.D., "Electromagnetics," McGraw-Hill Book Company, Third
Edition.

Jordan, E.C., "Electromagnetic Waves and Radiating Systems," Pren-
tice-Hall Incorporated, Seventh Printing.

"Transient Voltage Suppression Manual," General Electric Company,
Semiconductor Products Department, 1976.

111

Al FAT

¥

. . - ” » . - P R S N " e® a”* .
AN o) e T o A, 0 T g Ot L LT
A o - A, 8 L) £ k4 ’




TR R R IR L IO TOK LRIV R URELF VaR,. P DR WL DIV W WL W LW Vi 9 2°0 a8 gF £a' b0 $p L v b0 B 0 g 2w g ead e Ol ‘ate pig 'ty £ ;‘q‘

51y O
L X

)
R eGS0
0.t N0
F Fd &
X 9505
o ?‘ S
B 0N

P v o v -
p-r. - A

X0

IR

3

‘o

LA A2

-
-

i)

P A,

~ % AT
Woee s

L

Y

s;“,-f.r
e

112

ERCIR ’

AR
; Seady
ERNRIT Ny BRI PR AT PR e TR AN MY gD LI T S Y T R L P R Y LRI N R T I T T I T ST
Ay I\"&'),"‘)!ﬁ’sj‘l ‘) LN "q ‘x.,l » Yy R .& IA < \(' } ¢ ( ""r' '. \ ) LA, e s ‘- Co Y N L™ ". .‘ ‘. » 2 “' " % AN \ N




q?'-n'-r RN AN NN NN R L [ W AL L L RACE L W YRR L L% R L Lt R (g Y r R ., b 2 WAL $
ﬂ‘l

K
e
2
;:: DISTRIBUTION LIST
N
::‘r
r DEPARTMENT OF DEFENSE JOINT CHIEFS OF STAFF
12 ATTN: C3S EVAL OFFICE (HDOO)
» ARMED FORCES STAFF COLLEGE ATTN: C3S, INFO SYSTEMS DIV
A ATTN: LIBRARY ATTN: J-3 NUC CONTINGENCY BR
ATTN: J-3 STRAT OPNS DIV
1 ASST SECY OF DEF CMD CONT COMM & INTEL ATTN: J-5 NUCLEAR & CHEMICAL DIV
= ATTN: ASST DIRECTOR (SYS) ATTN: JAD RM 10936
- ATTN: DASD(C3)
i ATTN: DASD() JOINT STRAT TGT PLANNING STAFF
phy ATTN: DASD(!) ATTN: JLAA
. ATTN: DASD(P&R) ATTN: JLK (ATTN: DNA REP)
5 ATTN: JLKS
: ASSISTANT SECRETARY OF DEFENSE ATTN: JPPFA
» ATTN: DEP ASST SECY PROG DEV ATTN: JPPFD <
ATTN: JPSS -
A ASSISTANT TO THE SECRETARY OF DEFENSE ATTN: JPTM SN
o ATTN: C31 ATTN: JPTP YRS
30 ATTN: EXECUTIVE ASSISTANT 55054
X JOINT TACTICAL C3 AGENCY R
, COMMANDER IN CHIEF, PACIFIC ATTN: C3A-ARJS PSS
N ATTN: C3SRD ATTN: C3A-SES el
" DEFENSE COMMUNICATIONS AGENCY NATIONAL COMMUNICATIONS SYSTEM '
2 ATTN: COMMANDER ATTN: NCS-TS
}: DEFENSE COMMUNICATIONS ENGINEER CENTER NATIONAL DEFENSE UNIVERSITY
<. ATTN: CODE R123 TECH LIB ATTN: NWCO
4 ATTN: CODE R400
ATTN: CODE R720 NATIONAL SECURITY AGENCY
oy ATTN: CHIEF A GROUP
- DEFENSE INTELLIGENCE AGENCY
.. ATTN: DT SCI-TECH INTELL OFFICE OF THE SEC OF DEFENSE
. ATTN: RTS-2A TECH LIB ATTN: DOCUMENT CONTROL
e ATTN: RTS-28
L. U S EUROPEAN COMMAND/ECC3S-CC
. DEFENSE NUCLEAR AGENCY ATTN: ECC3S-CC
ATTN: RAAE
N\ ATTN: RAEE U S FORCES KOREA
ATTN: RAEV ATTN: DJ-AM-M
» ATTN: STNA ATTN: EACJ-PON-NO
. ATTN: STRA
% ATTN: STSP U S NATIONAL MILITARY REPRESENTATIVE
4CYS ATTN: STTI-CA ATTN: US DOCUMENTS OFFICER
i~ DEFENSE TECHNICAL INFORMATION CENTER UNDER SECY OF DEF FOR RSCH & ENGRG
"4 12CYS ATTN: DD ATTN: DEPUNDSEC COM SYS
A ATTN: DEPUNDSEC C3i-STRATEGIC & C2 SYS
; FIELD COMMAND DNA DET 2 ATTN: STRAT & SPACE SYS (0S)
, LAWRENCE LIVERMORE NATIONAL LAB ATTN: STRAT & THEATER NUC FOR F VAJDA
" ATTN: FC-1 ATTN: TACTICAL WARFARE PROG
ﬂ
. DNA PACOM LIAISON OFFICE
! ATTN: DNA LNO
) ATTN: DNA LNO
l".
- 113

b o g C e R PR s P PR L A R P PN I BTN O NI Iy e Sl Wl AN o \‘-\-‘-"‘1-'\'.\‘.\1
?"\.A "" N “ ‘.-'..,‘p"b*‘-‘ . 3 »‘ ~)\'.‘.. -’:.%'.' "o, "‘." ‘-’.’ 'v..\ N .'f~.~ '. ﬂ. {" J\(\ .. V\ \.- \.“ B ,. v l




. DEPARTMENT OF THE ARMY

oL DEFENSE COMMUNICATIONS SYSTEMS

v ATTN: DRCPM-COM-W-D

R DEP CH OF STAFF FOR OPS & PLANS

Y

4, A X

FOEE AN 1
< Ay ]
. 1 ‘\"'.;li\"ni\.:'i‘q ‘%«h

ATTN: DAMO-ODW

DEP CH OF STAFF FOR RSCH DEV & ACQ

R ATTN: DAMA-CSM-N
AY
_, HARRY DIAMOND LABORATORIES
p ATTN: CHIEF DIV 10000
Pl ATTN: SCHLD-NW-P
ATTN: SLCHD-NE-EB
' o ATTN: SLCHD-NW
2N 2CYS ATTN: SLCHD-NW-E
™ ATTN: SLCHD-NW-EA 21100
" ATTN: SLCHD-NW-ED
" ATTN: SLCHD-NW-EE
% ATTN: SLCHD-NW-R
ATTN: SLCHD-NW-RA
o ATTN: SLCHD-NW-RC
ATTN: SLCHD-NW-RH G MERKEL
25 ATTN: SLCHD-NW-RH R GILBERT 22800
A ATTN: SLCHD-NW-RI G HUTTLIN
) ATTN: SLCIS-IM-TL 81100 TECH LIB
[}
b
. HQ DEPARTMENT OF THE ARMY
. ATTN: DAMO-TCV-A
A}
i JOINT MANAGEMENT OFFICE
o ATTN: JMO-TCS
4
4‘ RESEARCH & DEV CENTER
. ATTN: DRCPM-ATC
" ATTN: DRCPM-TDS-SD
|I
by U S ARMY ARMOR CENTER
-;: ATTN: TECHNICAL LIBRARY
s
b ) U'S ARMY ATMOSPHERIC SCIENCES LAB
‘ ATTN: SLCAS-AS
U S ARMY BALLISTIC RESEARCH LAB
ATTN: SLCBR-SS-T TECH LIB
A ATTN: SLCBR-VL
15
™ U'S ARMY BELVOIR RD & E CTR
: ATTN: STRBE-BT TECH LIB
W U S ARMY COMB ARMS COMBAT DEV ACTY
93 ATTN: ATZL-CAC-A
ATTN: ATZL-CAN-I
-:- ATTN: ATZL-CAP
N U S ARMY COMD & GENERAL STAFF COLLEGE
=) ATTN: LIBRARY
o
‘l!"
L)
‘s
®
- 114
o
"

[y g

L 208

Co-plaspbo g

U S ARMY ENGINEER DIV HUNTSVILLE
ATTN: HNDED-SR

U S ARMY INFO SYS ENGINEERING SUP ACT
ATTN: ASBH-SES

U S ARMY INFORMATION SYS MNGT AGENCY
ATTN: CCM-AD-LB LIBRARY

U S ARMY INTELLIGENCE CENTER & SCHOOL
ATTN: ATSI-CD-MD

U S ARMY MATERIAL COMMAND
ATTN: DRXAM-TL TECH LIB

U S ARMY MATERIEL SYS ANALYSIS ACTVY
ATTN: AMXSY-CR

U S ARMY NUCLEAR & CHEMICAL AGENCY
ATTN: LIBRARY

U S ARMY STRATEGIC DEFENSE CMD
ATTN: DACS-BM J KAHLAS

U S ARMY STRATEGIC DEFENSE CMD
ATTN: DASD-H-SAV

U S ARMY STRATEGIC DEFENSE COMMAND
ATTN: ATC-R
ATTN: ATC-T

U S ARMY TEST AND EVALUATION COMD
ATTN: TECH LIBRARY SI-F

U S ARMY TRADOC SYS ANALYSIS ACTVY
ATTN: ATAA-TAC

U S ARMY WAR COLLEGE
ATTN: LIBRARY

US ARMY MISSILE COMMAND
ATTN: AMSMI-RD-GC-P
ATTN: AMSMI-SF
ATTN: REDSTONE SCI INFO CTR

DEPARTMENT OF THE NAVY

NAVAL AIR SYSTEMS COMMAND
ATTN: AIR 350F
ATTN: AIR5161

NAVAL FACILITIES ENGINEERING COMMAND
ATTN: O4E

NAVAL OCEAN SYSTEMS CENTER
ATTN: CODE 9642 TECH LIB

NAVAL POSTGRADUATE SCHOOL
ATTN: CODE 1424 LIBRARY

T R B D S O A AT S A Y




DEPARTMENT OF THE NAVY (CONTINUED)

NAVAL RESEARCH LABORATORY
ATTN: CODE 2627 TECHLIB

NAVAL SURFACE WEAPONS CENTER
ATTN: CODE R40
ATTN: CODE R43
ATTN: CODE 425

NAVAL SURFACE WEAPONS CENTER
ATTN: CODE H-21

NAVAL WEAPONS CENTER
ATTN: CODE 343 FKA6A2 TECH SVCS

OFC OF THE DEPUTY CHIEF OF NAVAL OPS
ATTN: NOP 098 OFC RES-DEV-TEST & EVAL
ATTN: NOP 506
ATTN: NOP 551
ATTN: NOP 654 STRAT EVAL & ANAL BR
ATTN: NOP 94
ATTN: NOP 981
ATTN: NOP 981N1

OFFICE OF NAVAL RESEARCH
ATTN: CODE 1114

SPACE & NAVAL WARFARE SYSTEMS CMD
ATTN: PME 117-21
ATTN: TECHNICAL LIBRARY

STRATEGIC SYSTEMS PROGRAMS(PM-1)
ATTN: NSP-L63 TECH LIB

THEATER NUCLEAR WARFARE PROGRAM OFC
ATTN: PMS 423

U S NAVAL FORCES, EUROPE
ATTN: N54

DEPARTMENT OF THE AIR FORCE

AERONAUTICAL SYSTEMS DIVISION, AFSC
ATTN: ASD/ENES P MARTH
ATTN: ASD/ENSSA
ATTN: ASD/YYEF

AIR FORCE/INE
ATTN: INA

AIR FORCE AERONAUTICAL SYS DIV/ENACE
ATTN: AFWAL/FIEA
ATTN: ASD/ENACE

AIR FORCE COMMUNICATIONS COMMAND
ATTN: C JAROCKI
ATTN: LG

AIR FORCE CTR FOR STUDIES & ANALYSIS
ATTN: AFCSA/SAMI R GRIFFIN
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AIR FORCE GEOPHYSICS LABORATORY
ATTN: SuLL

AIR FORCE INSTITUTE OF TECHNOLOGY/EN
ATTN: LIBRARY/AFIT/LDEE

AIR FORCE SPACE COMMAND
ATTN: LKA

AIR FORCE WEAPONS LABORATORY, AFSC
ATTN: NT
ATTN: NTAA
ATTN: NTYC
ATTN: SUL

AIR UNIVERSITY LIBRARY
ATTN: AUL-LSE

BALLISTIC MISSILE OFFICE/DAA
ATTN: ENSN

DEPUTY CHIEF OF STAFF
ATTN: LEEEU

DEPUTY CHIEF OF STAFF/AF-RDQ
ATTN: AF/RDQI

DEPUTY CHIEF OF STAFF/AFRDS
ATTN: AFRDS SPACE SYS & C3 DIR

DEPUTY CHIEF OF STAFF/XOX
ATTN: AFXOXFM PLNS FRC DEV MUN PLNS

ELECTRONIC SYSTEMS DIVISION/SC
ATTN: SCS-1€

HEADQUARTERS U S AIR FORCES IN EUROPE/LG
ATTN: XPXF

NORAD
ATTN: NORAD/J5YX

ROME AIR DEVELOPMENT CENTER, AFSC
ATTN: TSLD

SPACE COMMAND/DE
ATTN: DEE

SPACE DIVISION/IN
ATTN: IND

SPACE DIVISION/YA
ATTN: YAR

STRATEGIC AIR COMMAND/DEPR
ATTN: DEPR

STRATEGIC AIR COMMAND/DOCSD
ATTN: DOCSD
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DEPARTMENT OF THE AIR FORCE (CONTINUED)

STRATEGIC AIR COMMAND/INA
ATTN: INA

STRATEGIC AIR COMMAND/NRI-STINFO
ATTN: NRI/STINFO

STRATEGIC AIR COMMAND/SIP
ATTN: SAC/SIPA

STRATEGIC AIR COMMAND/XPFC
ATTN: XPFC

STRATEGIC AIR COMMAND/XPQ
ATTN: XPQ

TACTICAL AIR COMMAND/XP)
ATTN: TAC/XPJ

U S RESEARCH & DEVELOPMENT COORD
ATTN: USRADCO

DEPARTMENT OF ENERGY

EMERGENCY ELECTRIC POWER ADM
ATTN: LIBRARY

UNIVERSITY OF CALIFORNIA
LAWRENCE LIVERMORE NATIONAL LAB
ATTN: L-53 TECH INFO DEPT LIB

LOS ALAMOS NATIONAL LABORATORY
ATTN: MS P364 REPORT LIBRARY

SANDIA NATIONAL LABORATORIES
ATTN: TECH LIB 3141 RPTS RCVG CLRK

OTHER GOVERNMENT

CENTRAL INTELLIGENCE AGENCY
ATTN: OSR/SE/C
ATTN: OSR/SE/F
ATTN: OSWR/NED
ATTN: OSWR/STD/MTB

FEDERAL EMERGENCY MANAGEMENT AGENCY
ATTN: SL-EM

NATIONAL BUREAU OF STANDARDS
ATTN: 723.03

DEPARTMENT OF DEFENSE CONTRACTORS

AGBABIAN ASSOCIATES, INC
ATTN: LIBRARY

ALLIED CORP
ATTN: DOCUMENT CONTROL
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AT&T TECHNOLOGIES, INC
ATTN: W EDWARDS

BDM CORP
ATTN: CORPORATE LIB

BDM CORP
ATTN: LIBRARY

BOEING CO
ATTN:
ATTN:
ATTN:

M/S 2R-00 D EGELKROUT
M/S 82-09 R SCHEPPE
M/S 83-66 H WICKLEIN

BOEING MILITARY AIRPLANE CO
ATTN: C SUTTER

BOOZ-ALLEN & HAMILTON, INC
ATTN: TECHNICAL LIBRARY

BOOZ-ALLEN & HAMILTON, INC
ATTN: L ALBRIGHT

BOOZ-ALLEN & HAMILTON, INC
ATTN: D DURGIN

CALSPAN CORP
ATTN: LIBRARY

COMPUTER SCIENCES CORP
ATTN: A SCHIFF

DIKEWOOD CORP
ATTN: KLEE

E-SYSTEMS, INC
ATTN: J F STOSIC

E-SYSTEMS, INC
ATTN: J MOORE

EG&G WASH ANALYTICAL SVCS CTR, INC
ATTN: A BONHAM
ATTN: CGILES

ELECTRO-MAGNETIC APPLICATIONS, INC
ATTN: D MEREWETHER

GENERAL ELECTRIC CO
2CYS ATTN: D TASCA

GENERAL ELECTRIC CO
ATTN: C HEWISON

GRUMMAN AEROSPACE CORP
ATTN: L-01 35 TECH INFO CENTER

GTE GOVERNMENT SYSTEMS CORPORATION
ATTN: TECH LIBRARY
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DEPT OF DEFENSE CONTRACTORS (CONTINUED)

HARRIS CORP
ATTN: T W TOMBLER

HERCULES, INC
ATTN: W WOODRUFF

HONEYWELL, INC
ATTN: S&RC LIBRARY

HONEYWELL, INC
ATTN: LIBRARY

HUGHES AIRCRAFT CO
ATTN: CO TECH DOC CTR

NT RESEARCH INSTITUTE
ATTN: | MINDEL

INSTITUTE FOR DEFENSE ANALYSES
ATTN: CLASSIFIED LIBRARY
ATTN: TECH INFO SERVICES

IRT CORP
ATTN: B WILLIAMS
ATTN: R W STEWART

ITT TELECOMMUNICATIONS CORP
ATTN: R SCHWALLIE

JAYCOR
ATTN: E WENAAS

JAYCOR
ATTN: LIBRARY

JOHNS HOPKINS UNIVERSITY
ATTN: P PARTRIDGE

KAMAN SCIENCES CORP
ATTN: LIBRARY

KAMAN SCIENCES CORP
ATTN: E CONRAD

KAMAN SCIENCES CORPORATION
ATTN: TECHNICAL LIBRARY

KAMAN TEMPO
ATTN: DASIAC
ATTN: R RUTHERFORD

KAMAN TEMPO
ATTN: DASIAC

LITTON SYSTEMS, INC
ATTN: E EUSTIS

LITTON SYSTEMS, INC
ATTN: J SKAGGS
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LOCKHEED MISSILES & SPACE CO, INC
ATTN: TECH INFO CTR D/COLL

LTV AEROSPACE & DEFENSE COMPANY
ATTN: LIBRARY

LUTECH, INC
ATTN: F TESCHE

MCDONNELL DOUGLAS CORP
ATTN: TECHNICAL LIBRARY

METATECH CORP
ATTN: R SCHAEFER

METATECH CORPORATION
ATTN: W RADASKY

MISSION RESEARCH CORP
ATTN: EMP GROUP

MISSION RESEARCH CORP
ATTN: J LUBELL
ATTN: J R CURRY

MISSION RESEARCH CORP, SAN DIEGO
ATTN: V VAN LINT

MITRE CORP
ATTN: M FITZGERALD

PACIFIC-SIERRA RESEARCH CORP
ATTN: H BRODE, CHAIRMAN SAGE

PHOTOMETRICS, INC
ATTN: | L KOFSKY

PHYSICS INTERNATIONAL CO
ATTN: DOCUMENT CONTROL

R & D ASSOCIATES
ATTN: DOCUMENT CONTROL
ATTN: W KARZAS

R & D ASSOCIATES
ATTN: LIBRARY

RAYTHEON CO
ATTN: H FLESCHER

RCA CORP
ATTN: G BRUCKER

RESEARCH TRIANGLE INSTITUTE
ATTN: M SIMONS

ROCKWELL INTERNATIONAL CORP
ATTN: G MORGAN
ATTN: JERB
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DEPT OF DEFENSE CONTRACTORS (CONTINUED)

ROCKWELL INTERNATIONAL CORP
ATTN: B-1 DIV TIC (BAOB)

S-CUBED
ATTN: A WILSON

SCIENCE & ENGRG ASSOCIATES, INC
ATTN: V JONES

SCIENCE APPLICATIONS INTL CORP
ATTN: W CHADSEY

SCIENCE APPLICATIONS, INC
ATTN: E ODONNELL
ATTN: PJ DOWLING

SINGER CO
ATTN: TECH INFO CENTER

SPERRY CORP
ATTN: R LAZARCHIK

SPERRY CORP
ATTN: JINDA
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SPERRY CORP
ATTN: TECHNICAL LIBRARY

SRI INTERNATIONAL
ATTN: A PADGETT

TELEDYNE BROWN ENGINEERING
ATTN: F LEOPARD

TEXAS INSTRUMENTS, INC
ATTN: TECHNICAL LIBRARY

TRW ELECTRONICS & DEFENSE SECTOR
ATTN: J BROSSIER
ATTN: J PENAR

TRW ELECTRONICS & DEFENSE SECTOR
ATTN: R HENDRICKSON

TRW ELECTRONICS & DEFENSE SECTOR
ATTN: LIBRARIAN
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